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ABSTRACT 


Poor heating uniformity and a high sensitivity of 
conversion efficiency to loading conditions are the main 
problems in the performance of microwave ovens. With 
conventional design techniques only a partial solution to 
these problems is achieved using a mode-stirrer. However, it 
is shown that this device reduces conversion efficiencies 


due to increased reflections to the magnetron. 


Frequency is shown to be the most important parameter 
in controlling the performance of resonant microwave heating 
systems. A new technique which makes use of a frequency 
agile source is developed. By controlling the frequency of 
this source in an experimental cavity a large improvement in 
conversion efficiency, as compared to a commercially 
available domestic microwave oven, is demonstrated. 
Frequency sweeping of the source is shown to be effective in 
reducing the sensitivity of efficiency to loading 


conditions, as well as improving heating uniformity. 


With a frequency agile source and a special electronic 
controller it is shown that temperature patterns in a load 
can be tailored to a considerable degree. A _ simple 


mathematical model is developed, which predicts with good 
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accuracy the temperature pattern in low profile loads when 


exposed to electromagnetic energy in a resonant cavity. 


Multiple transistorized microwave power sources and a 
Single transistorized source using power dividing-combining 
techniques, are described as possible approaches to the 
design of an ali solid-state microwave oven. The former is 
not at present feasible due to energy cross-coupling between 


sources and neither is cost competitive. 


Transistorized microwave sources are found to be 
advantageous for low power applications. A 20 watt, 915 MHz 
source is designed, built and used in the fast curing of 


epoxy glue. 
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CHAPTER 1 


a re a ee ae ee ee ee ee eae ee ee 


Dielectric heating at frequencies below 100 MHz was a 
well known technique in the decade of the thirties (1). 
Since the power converted to heat in a lossy dielectric is 
proportional to the frequency and to the square of the 
electric field within the dielectric, for a given frequency, 
heating rates are limited by +he voltage breakdown of the 
dielectric. High heating rates can be achieved by increasing 
the frequency, however, at the time, this was not possible 
due to the lack of high power high frequency (>1 GHz) 
sources. Dielectric heating at microwave frequencies became 
feasible after the invention of the pulsed magnetron during 
World War II and the subsequent development of high power CW 


magnetrons. 


In 1946 the first microwave oven for cooking purposes 
was made by Raytheon Manufacturing Co.(2) and an improved 
model having a larger oven was Operating in a number of 
restaurants by 1947 (3). The considerable savings in cooking 
time and the fast heating of precooked meals, which are 


possible in a microwave oven, were the most attractive 
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features, which began a slow development of a commercial 
market for these modern appliances. Their large size and 
high cost were the main disadvantages which precluded them 
from being sold as home appliances. By 1956, however, 
microwave ovens had been reduced in size and price to +the 
point that 2,500 units were sold for home use that year (4). 
Better door seals, smaller overall size, longer magnetron 
life and lower prices, together with widespread awareness of 
the advantages of this appliance in a society with changing 
lifestyles (5), are the main causes for the recent 
phenomenal growth of the domestic microwave oven market. In 
1974 approximately 700,000 domestic microwave ovens were 
sold in the United States (6,7) with projections for annual 
sales of 2,050,000 units in 1980 (7). In other studies it is 
estimated ‘that by 1985 one out of every two families in the 
U.S. will own a microwave oven (8). The growth of the 
commercial microwave oven market has not been as great but 
it is also increasing (9). Microwave oven sales are also on 


the rise in Europe and Japan (10,11). 


1.2 The Performance of Microwave Ovens 
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The increasing demand for microwave ovens is a clear 
indication that their performance is considered quite 


acceptable by the public; however, there are two areas where 
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there is still considerable room for improvement. 


1.2.1 Heating Uniformity and Temperature Pattern Control 


Since the early days of microwave heating technology, 
obtaining uniform heating of a dielectric exposed to 
microwave energy in a metallic enclosure has been a major 
concern of engineers and scientists (12,13,14,15). Heating 
uniformity in the load, (i.e. the object being heated) 
depends on the dielectric properties and their variations 
within the load, its shape and size, the limited penetration 
depth of the fields and the electric field pattern in the 
presence of the load. The fact that loads processed in a 
microwave oven vary over a wide range of dielectric 
properties, shapes and sizes, and that the choice of 
operating frequency is practically limited to two of the ISM 
bands (¢( 915425 MHz and 2,450+50 MHz ), has led the microwave 
oven designer to improve heating uniformity by manipulating 
the electric field patterns in the oven cavity. A large 
number of approaches have been suggested, many of which can 
be found in the literature (16,17), but the most successful 
and used in almost all commercial and domestic microwave 
ovens today, is the mode-stirrer. This device, for one, has 
allowed the microwave oven to become an acceptable appliance 


but heating uniformity is still a basic problem (18,19) and 
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research in this area continues (20, 21,22). 


Mode-stirrers operate on the principle of randomizing 
the field patterns in. the cavity as much as possible to 
avoid the generation of hot and cold spots in the load where 
the electric field intensities are high and low 
respectively. This random action, together with the lack of 
control over parameters such as the frequency of the 
microwave power source, precludes, with present design 
techniques, the possibility of tailoring temperature 
patterns. However, this would be a very desirable feature, 
especially, in microwave ovens FOG commercial and 
institutional use where, for example, different heating is 
to be provided to particular items ina tray with a complete 
meal. Lacking a technigue for tailoring temperature 


patterns, efforts are being made to develop sophisticated 


food packaging and handling techniques (23,24). 


1.2.2 Conversion Efficiency and Its Variation with Loading 


Conditions 


The amount of published work on the efficiency of 
microwave ovens, and ways of improving it, is surprisingly 
small when compared to the published work on the heating 


uniformity problem. This can be explained, perhaps, by 
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considering that the main attraction of microwave ovens has 
been their time saving capability; however, the rising cost 
of energy and the increasing use of this appliance makes the 
study of microwave oven efficiency a very relevant issue. 
One major manufacturer has recently commited itself to 
improve the overall efficiency of its microwave ovens by 20% 


by 1980 (8). 


For commercially available microwave ovens, the overall 
efficiency, i.e. from power line to load, lies between 44% 
and 50% for a 1 liter water load according to one study (25) 
and between 38% and 46% according to another (19). The 
overall efficiency is, essentially, the product of three 
factors: power supply efficiency, magnetron efficiency and 
conversion or circuit efficiency. Typical power supply and 
magnetron efficiencies can be considered to be 95% and 65% 
respectively (26), so for an oven with, say, 45% overall 
efficiency the circuit efficiency would be 73%. Losses in 
converting the power available from the magnetron to heat, 
are due, in part, to losses in the cavity walls and feeding 
structure but arise mainly from a poor impedance match 
between the magnetron and the loaded cavity. This mismatch 
condition and, hence, the circuit efficiency, are worse for 
small loads and vary considerably with the position of the 
load within the cavity. With present microwave oven design 


techniques it does not appear possible to solve this 
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problem. 


A Maximum theoretical overall efficiency figure can be 
estimated by considering that: a) it is not likely that a 
power supply efficiency much higher than 95% can be 
achieved, b) since magnetrons have been operated with 
efficiencies of up to 86% (27), it is conceivable that mass 
produced magnetrons with an 80% efficiency can be made and 
Cc) since circuit efficiencies of 97% were measured in a 
perfectly matched cavity during the course of this work, 95% 
can be considered a reasonable maximum figure for mass 
produced microwave ovens. Thus, an estimated maximun 
theoretical overall efficiency of 72% results. This figure 
is of the order of 50% higher than what has been achieved so 
far and, therefore, it is evident that trying to improve the 


efficiency of microwave ovens is a worthwhile effort.! 


1.3 New Design Approaches 
In the course of the development of microwave ovens the 
microwave power source used has always been the conventional 


CW magnetron. This tube is not only a narrowband device, 


tEnergy legislation in the U.S.A. is being enacted which 
would require appliance manufacturers to state the 
efficiencies for their appliances. 
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Eypacallyet+opthz@ate?, 4 S0OeMHzes (28,29). Sbuteeits  atrequency 
cannot be controlled independently of other tube or external 
Circuit parameters. These characteristics seriously limit 
the possibilities of improving the performance of microwave 


ovens. 


Two approaches to: improve heating uniformity, tailor 
temperature patterns and improve circuit efficiency, are 


investigated in this thesis. 


1.3.1 Frequency Agile Microwave Power Source 


The possibility of obtaining good heating uniformity 
increases with the number of different modes (field 
patterns) which can be excited in the loaded cavity. To take 
advantage of the modes which can be sustained by a multimode 
cavity in the allowable 100 MHz bandwidth at 2,450 MHz, for 
instance, the microwave power source must be capable of 
operating in that “bandwidths ©Thus,;"*a” source® jwith”™ oa 
sufficiently large (=5%) bandwidth is clearly desirable. 
Moreover, if the frequency of the source can be set in a 
simple manner, frequency sweeping or excitation of the 
cavity in selected modes, are ways by which improved heating 
uniformity and temperature pattern tailoring become 


possible. A voltage tunable magnetron ( VTM ) has been’ used 
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in this investigation. Its frequency is a linear function of 
the anode voltage and the output power is essentially 


constant in a 16% bandwidth at 2,450 MHz. 


In a multimode cavity, the frequency ( or frequencies ) 
at which maximum circuit efficiency is achieved, vary quite 
drastically with loading conditions. Consequently, if the 
microwave power source operates within a narrow bandwidth, 
the circuit efficiency will vary with loading in the same 
way. Maximum circuit efficiency and minimum Circur® 
efficiency sensitivity to loading can be achieved if the 
frequency of the source can be set to the optimum value for 
each loading condition. The VTM and an electronic tuner 
specifically developed for the purpose have been used to 


investigate this technique. 


1.3.2 Solid State Microwave Power Sources 


Solid-state devices have many attractive features for 
microwave heating applications. Due to their low output 
power, however, some power combining technique is required 
if they are to be used in microwave ovens. The two 
techniques analyzed in this thesis are: a) to use multiple 
low power sources exciting the cavity at different 


frequencies and b) to combine a number of solid-state 
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devices to obtain a high power amplifier or oscillator. 


The multiple source approach can yield good heating 
uniformity because each source can be made to excite a 
different mode, but tailoring temperature patterns is 
difficult to achieve, since the smaller the number of modes 
required to obtain a given pattern the lower the power 
available in the cavity. The perfcrmance of such a 
technique, as far as circuit efficiency is concerned, is 
difficult to establish since it depends on the number of 
sources used. In any case, the feasibility of the multiple 
source approach is subject to the solution of the problem of 


energy cross-coupling between sources. 


The solid-state amplifier or oscillator approach can be 
used +o improve heating uniformity, to tailor temperature 
patterns and to improve circuit efficiency, using the same 
techniques outlined for the frequency agile source. However, 
solid-state sources do not represent as good an option as 


VTM's, at least for now. 


It is evident that for the successful use of any of the 
new techniques outlined in this chapter, as large a 
bandwidth as possible should be available. In view of very 
important decisions on frequency allocations which are to be 
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potential of these new techniques, as means for improving 


the performance of microwave ovens, be assessed. 


First, the principles of operation of microwave ovens 
and conventional techniques for their design are reviewed. 
In view of the possibility of being able to tailor 
temperature patterns, using the frequency agile source 
approach, a simple mathematical model is developed to 
predict the temperature pattern in a low profile load when 
the cavity is excited in a known mode. Theoretical and 
experimental results for two modes are compared. In chapter 
4, circuit efficiency measurements are made in an 
experimental cavity and in a commercially available domestic 
microwave oven, for a wide variety of loading conditions. 
Also, experiments are performed to gain insight on the 
operation of mode-stirrers and to study the effect, on the 
circuit efficiency, of continuously frequency sweeping the 
microwave energy source. The technique of using a frequency 
agile source and the special electronic tuner is developed 
in chapter 5. Circuit efficiency measurements are performed 
using this technique and the results compared with those 
obtained in chapter 4. An experiment is performed to explore 


the feasibility of tailoring temperature patterns using a 
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frequency agile source and a test, designed for measuring 
heating uniformity, is applied +o the experimental cavity 
when the source is frequency swept. The state-of-the-art of 
microwave power transistors is reviewed in appendix I and 
possible schemes for the design of an all solid-state 
Microwave oven are analyzed. The appendixes contain detailed 
information on the design and construction of: a 20 watt 
transistorized microwave source, the electronic tuner and a 
three frequency modulator. Also, a computer program to 
optimize the dimensions of a rectangular cavity is included. 
The program finds the dimensions, around given target 
values, which maximize the number of modes that the cavity 


can sustain within a given bandwidth. 


The factors affecting the operation of a microwave oven 
are many. They are interrelated and dependent on loading 
conditions, conditions which are beyond the control of the 
designer. It is not believed that a theoretical analysis of 
the practical oven-load configuration, which has_ been 
described by a well known investigator as of “overwhelming 
complexity"(18), is the most suitable approach to finding 
ways for improving the performance of microwave ovens. Some 
theoretical work has been published (31) but it is not known 
to have been fruitful in a practical sense. For the most 


part, an experimental approach has been taken in this 


thesis. 
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CHAPTER 2 


ne ee ae ee 


It is necessary to review briefly the basic principles 
of operation of microwave ovens in order to understand the 
true nature of the problems mentioned in the previous 
chapter. Moreover, it will be useful to critically review 
the conventional design techniques of microwave ovens so 


that their advantages and disadvantages can be appreciated. 


2.1 Electromagnetic Fields_in_a Microwave Cavity 


For electromagnetic energy +o be stored in a_ resonant 
cavity, the fields must satisfy the boundary conditions 
imposed by the cavity. For an empty and made of perfectly 
conducting walls these conditions are that tangential 
electric fields, or normal magnetic fields, must vanish at 
the walls. These conditions, in practice, are essentially 
satisfied by metals such as copper, aluminum, stainless 


steel, painted steel, etc. 


The field configurations, or modes, that satisfy the 
boundary conditions are divided into TE and TM types, 
depending on whether they have a magnetic or electric field 


component in the arbitrarily chosen direction of propagation 
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of the wave. The field pattern of each mode is that of a 
three dimensional standing-wave with maxima and minima 


occuring regularly throughout the cavity. 


For a rectangular cavity the resonant frequencies of TE 


and TM modes are given by: 


(21 


where: f£ = frequency 
c = velocity of light in free space 
1,m,n = number of half sine variations along x,y and 
Zz 


a,b,d = cavity dimensions along x,y and z 


Within a prescribed bandwidth not all the combinations of 
iyme ands nji*swhichr Saree a solution for (2.1) constitute fa 
mode. Equation (2.1) does not take into account boundary 
conditions which impose the following restrictions when z is 
taken as the direction of propagation : 

a.- No mode can exist if any two of the integers l, on 

and n are zero. 

b.- If n is zero the mode can only be a TM mode. 

c.- If 1 or m are zero the mode can only be a TE mode. 
Sets of 1, m and n in which all three integers are different 


from zero represent TE and TM modes. These have the same 
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resonant frequency but different field configurations and 


are called degenerate modes (32). 


The cavity Q for a mode with resonant frequency f, is 


defined as: 


Q. 2% U 
P 


L 


(22) 


where: U = time-average energy stored in the cavity 


ae) 
tt 


average power loss 

For a cavity which is lossless or has very low losses, the Q 
for any mode is so high that modes appear discretely 
distributed through the frequency spectrum. If a lossy 
dielectric load is placed in such a cavity, the Q of those 
modes for which power is dissipated in the load are reduced. 
This broadens their resonance curve, in general, to the 
point of overlapping one another as _ shown by a typical 


return loss response in Figure 2.1. 


R. Loss 


1 Typical return loss response of a lossy cavity. 


v 
=) 
rin ones esinite: 7 


, ho ee 


: 4 


yo ee, mpeip. spears ana sheet. a soba we > oer 
: o : 
re ooket 


= i | 1-6 : 
‘ - i P| i - m a 
{ g:8') on an 


6D “«¢ 


- 
s, ~ 8 : a 
| 


™ 


a, 
9riopo warn? Sayarn fogarty. ernuger eae © 0 Ril 


She. S4yO7 Gy ewees sl iy i | 
| Het 7 
ide at oF OS (yy) tA 1) ee [sb ey ¢ iw (3.09 aaa 
; 
a i ee ) fia? iF arr a, THAT wo ee x oP cug te : 


yoous ¢ tl eandi=e yooadpess- ods rydords sas utd? 


i 
i\e ye 


RAG We ie lve @ Hoey ab Gabalg 22 “week sedtoetel = 
otettuce Stn 21m)! : i peguqraage sd 2HeK dap ad old t Kot. 
ni} ot ) abr dl hice seb eo alah i Laden ang 


enian? o ¥t Agee’ Se: vebrias shu pomunel gers, TH he 4 
: i a. 
ete Sa ee 


a y 


15 


Also, the resonant frequency of each mode is shifted because 
the dielectric lcad alters the balance between the energy 
stored ©=in® the electric and’) magnetic fields. Yet another 
effect that can occur in a loaded cavity is the splitting of 
degenerate modes (33). Since these modes have the same 
resonant frequency but different field patterns in the 
absence of perturbations, the load can cause these modes to 
Suilae, shifting their resonant frequency by different 


amounts. 


The extent to which these effects occur depends on the 
loading conditions, i.e., load size, shape, dielectric 
properties and position in the cavity. Loading conditions in 
a microwave oven vary over a wide range. Therefore, to 
obtain a return loss response free of regions where little 
or no power would be coupled to the load, a high density of 
modes is required within the frequency range of the 
microwave source. This is indeed the main consideration in 
calculating the dimensions of the cavity. However, for small 
loads, the Q of each mode is usually high enough so that the 
return loss response exhibits sharp peaks which may he 
widely separated from each other by regions of very low 


return loss. 
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Cavity 


The power absorbed by an element of volume AV of a 


lossy dielectric exposed to electromagnetic fields is given 


by: 
ul “A ie 
Ae Kb. Wei NY (2.3) 

where P = power 

Kern aes 

€, = permittivity of free space 

ul 
€, = imaginary part of relative dielectric constant 
F = electric field vector 


A P 2 . L: 
In this equation it is assumed that ce and |{E{ are constant 


within AV. 


The temperature rise corresponding to an absorbed power 


AP during t seconds is given by: 


AT: —Oet (2.4) 


Co€ AV 
where: T = temperature 
C, = specific heat at constant pressure 
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C—edensity, 


This equation assumes +hat Cp and @ are constant within AV 


and with respect to temperature. Substituting: 
Ge a 2 
Ais fee Sd eal (2.5) 


Ideally, AT should be constant for all points in the load 
unless some special cooking effect, like browning, is 
desired. Differential temperature rise ina typical load 
processed in a microwave oven can be due to : 
1.-. Variations of Cp, f and €" throughout the load and 
variaticns of these parameters due to their temperature 
dependence. 


2.- Variation of pay throughout the load. 


Because many of the above parameters are not easily 
controllable, the problem of achieving good heating 
uniformity is an extremely difficult one. The 
characteristics or properties of the load are beyond the 
control of the microwave oven designer and, therefore, he 
can only attempt to improve heating uniformity by 


controlling the pattern of hal in the load. 


An electromagnetic wave transmitted into a lossy 
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dielectric decays exponentially as it penetrates and, for a 
simple case like a plane wave propagating into a half space 
of lossy dielectric material, the attenuation constant and 
parameters such as penetration depth or half power depth can 
be calculated. The case of a load in a microwave oven, 
however, is that of a finite volume of lossy dielectric! 
subjected to multidirectional plane waves and calculating 
the resultant field pattern is an extremely difficult tack 


(31). 


If an empty cavity is excited ina known mode the 
electric field pattern is reasonably well defined, but in 
the presence of the load, it can be severely distorted. In 
addition, the direction of the electric field vector at any 
point on the surface of the load, determines its value just 
inside the load. If the air surrounding the load is medium 1 
and the load medium 2, at the boundary, EE: Pfhiseohe: = field 
is parallel to the load and Fo =m fe! if the field is normal 
to the load. For other angles, B, /e! < E, << Bo Thus, the 
shape of the load is an important factor affecting the 
internal field pattern and, hence, the temperature 
distribution. Some loads, depending on their dielectric 


properties and, particularly, on their shape, can even act 


iThis is the usual situation, however, materials with 
magnetic loss can also be used. 
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as dielectric resonators in which case the fields within the 


load can be higher than outside (15,34). 


About all that is done to improve heating uniformity 
with present technigues is to randomize the field patterns, 
or to move the load, to avoid hot and cold spots where the 
electric field is high and low respectively. Although 
thermal conductivity is an important factor in achieving 
uniform heating, its effect may not be significant if a load 
has poor thermal conductivity and/or if exposure times are 


short. 


Zine SeCAECUItMELLICIency in sarLoaded™Cavity 


a a Se ea eS 


Ase the losses in the cavity walls and coupling 
structure are negligible, the problem of achieving high 
circuit efficiency reduces to that of achieving an impedance 
match between the microwave source, usually a magnetron, and 


the loaded cavity. 


Figure: 2.2 shows an equivalent circuit of a cavity 
Joadedawith am ossym dielectric) lLoadpginggthe _vicinity j50f 


resonance for one mode, say i. 
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FIGURE 2.2 An equivalent circuit of a lossy cavity in the 


ee ew Se se ee = 


vicinity of resonance for mode i. 


In Figure 2.2, Zq is the output impedance of the magnetron, 


Z the characteristic impedance of a lossless transmission 


3 
line between the magnetron and the cavity, L, and C; are the 
equivalent inductance and capacitance of the cavity for mode 
Vepencsuminggenegligible awall “losses in jgthemecavity, sk; 
accounts, forestheslosses in thesload. »n, is the turns ratio 
of an ideal transformer representing the coupling between 


the magnetron and its external output structure. n, is 


designed to satisfy the equation: 


$I os Lg (2.6) 


ie) 


n; is the turns ratio of an ideal transformer representing 
the coupling structure between the transmission line and the 


loaded cavity for mode i. 
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In the vicinity of resonance for mode i: 


. -( 
Lie = ae ee + J (w C; -z)| (2.7) 


For a given Z, the condition for maximum power transfer from 


the magnetron +o the load is: 


mK 
a hai eae (2.8) 


where: Z* means conjugate of 2Z. 
Zao iS the impedance at plane a-a looking towards 


the magnetron. 


Since Zo is usually resistive, Za, is also resistive and 
(2.8) is satisfied at resonance. In a lightly loaded 
multimode cavity and within a given bandwidth, the different 
modes are, in general, separated far enough from each other 
so that resonance is a condition for a local maximum of 
power transfer. A global maximum occurs for that mode which 


best approaches the condition, 
Lao = Ot Ri (fees 


FOr a more heavily loaded multimode cavity the 


resonance curves of the modes overlap and the equivalent 
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circuit of Figure 2.2 has to be modified by connecting in 
parallel, at the plane of Z,, one ideal transformer with the 
corresponding parallel combination of L, C and R for each 
mode. Again the condition for a local maximum of power 
transfer is that Z, be resistive, although in this case, the 
frequency at which this occurs may not coincide with any of 
the resonant frequencies of the individual modes. A global 
maximum of power transfer occurs at that frequency for which 


the condition given in equation (2.10) is best approached: 


Yao = 2D z R; (2.10) 


where: k = number of modes considered. 


An impedance match and hence highest circuit efficiency 
is achieved when equation (2.10) is satisfied. With present 
design techniques, however, this is rarely achieved because: 
a) for each loading condition the frequency at which (2.10) 
is satisfied is different, b) the bandwidth over which the 
magnetron tube can operate is quite narrow and c) the input 
impedance to the cavity changes cyclically due to the 
rotation of the mode-stirrer used to improve heating 
uniformity. In this way, condition (2.10) may be satisfied 


for some position of the mode-stirrer but not for others. 
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It seems clear that with present technology it is not 


feasible to operate a microwave oven at the maximum possible 


circuit efficiency for any given loading condition. 


2.4 Microwave Power Sources 
The CW magnetron is almost universally used as 
microwave power source in microwave ovens. Its 


advantages are: 


the 


main 


a.- High efficiency. In the range of 60% to 70% 
(26,29) - 

b.- Ability to withstand a high load VSWR. Many modern 
magnetrons for microwave oven use can operate with load 
VSWR's of 6:1 (35,29) and some are claimed to be 
practically free of the sink region where moding occurs 
(35, 29,36). 

c.- Ruggedness. Magnetrons have a simple physical 
structure and are suitable Hon low cost mass 
production. 

d.- Simple power supply requirements. The magnetron 
filament operates with a-c voltage and the anode 
voltage can be pure a-c, half-wave or full-wave 
rectified with no filtering or d-c. Most magnetrons for 
microwave oven use are now designed to operate fron 
either a half or full-wave rectified supply with no 


filtering, often of the voltage doubler type. 
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Nevertheless, the CW magnetron also has its disadvantages. 
Being a self-excited tube, its output power, efficiency and 
frequency depend on the load impedance. The variation of 
frequency with load impedance is usually referred to as 
frequency pulling. The dependence of these parameters on the 
load impedance is described by the generator or Rieke 
diagram of the particular magnetron (37). Moreover, and as 
mentioned earlier, the magnetron is a narrowband tube which 
can operate within bandwidths of 15 MHz to 18 MHz, but for a 
given load,the output power is delivered within a couple of 
megahertz only. The freguency in this type of magnetron 
cannot be controlled, independent of other parameters, in a 


Simple way. 


In spite of these disadvantages the CW magnetron 
performs satisfactorily in todays microwave oven. However, 
if improvement of microwave oven performance iS sought in 
techniques involving contrcl of the microwave source, the 


conventional CW magnetron cannot be used. 


2.5 Coupling Structures 


The most common coupling structures used in microwave 


GiGEULESs are coaxial-line probes, magnetic loops and 
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apertures. In communication systems, for instance, these 
structures are used to couple one waveguide to another, a 
waveguide to a resonant cavity, a waveguide to an antenna, 
etc., but in all cases only one mode of propagation of the 


wave is used. 


Coupling structures are used in microwave ovens to 
couple the magnetron or some form of transmission line to 
which the magnetron is connected, to the cavity. For a wmode 
to actually exist in a microwave cavity three conditions 
must be met: the cavity must be capable of sustaining the 
particular mode, the source must operate at the node 
frequency and the coupling structure must be capable of 
exciting it. In a microwave oven different modes fall within 
the bandwidth of the magnetron for different loading 
conditions, thus, the coupling structure is required to 
excite a wide variety of field patterns. Furthermore,it 
should provide a good impedance match to the magnetron under 
alblee1odding= «conditions, “1f**consistentiy high Clccuat 


efficiency is to be achieved. 


Although for some time it was thought better to couple 
the magnetron directly to the cavity, often via its own 
output probe, it has been found that broadband coupling of 
the magnetron to a waveguide and of the waveguide to the 


cavity gives better results (38). Many types of coupling 
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structures have been proposed (16,38). However, only a few 


are commonly used. Figure 2.3 shows two typical ones. 


(1) (1) 


(1) Waveguide to magnetron. 


(2) Mode-stirrer. 


FIGURE 2.3 Schematic representation of two typical coupling 


structures used in microwave ovens. 


A coupling structure which has been shown to be 
superior, at least +o probes and loops, in coupling to a 
large number of modes is the slow-wave coupler developed by 
Johnston (39), but further work is required to compare its 


performance with that of coupling structures of the aperture 


type. 


Turntables and mode-stirrers are two devices used to 


improve heating uniformity in microwave ovens. The turntable 
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rotates the load to average out the heating effect of a 
particular electricy field pattern but, although) “ite vappears 
to be reasonably successful in improving heating uniformity 


(19), it is not in widespread use. 


Theamode stinrergis, byeetare the mnost commonly fused 
device for improving heating uniformity. A large variety of 
designs have been suggested (16,17) but the type usually 
found in microwave ovens takes the form of a metal fan which 
revolves at a low speed (&1 Hz). Propulsion is achieved 
either with an electric motor or by directing an air current 
to the mode-stirrer, which is normally placed in front of 


the coupling aperture. 


AS opposed to the turntable action, a mode-stirrer 
alters the field patterns to average their heating effects 
in the load. The action of the mode-stirrer can be 
interpreted in the following ways, which need not be 
mutually exclusive: 

a.- As the mode-stirrer rotates, the resonant frequency 

of a number of modes are shifted cyclically, and the 

modes are excited when their resonant frequency 
coincides with that of the magnetron. 

b.- The frequency pulling effect caused by the varying 

load impedance seen by the magnetron, broadens the 


bandwidth over which the power is delivered, thus, a 
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larger number of modes are excited. 

c.- If the flow of microwave energy into the cavity is 
assumed to be similar to the propagation of a light 
beam, the mode-stirrer can be considered a moving 
Mirror which reflects the energy in all directions. In 
this interpretation, improved heating uniformity is 
achieved by "illuminating" the load with microwave 


energy from as many different directions as possible. 


That mode-stirrers partially improve heating uniformity in a 
microwave oven has been shown (40,41) and is ae widely 
accepted fact, but because the action of mode-stirrers is so 
complex, their design remains more an art rather than a 
science. The results of some experiments aimed at a better 


understanding of this device are reported in chapter 4. 


It is believed that the lack of control of the 
operation of microwave ovens seriously limits further 
improvement of their performance. Consequently, the 
potential of controlling the frequency of the microwave 


source is an approach which is investigated in this thesis. 
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The theoretical prediction of temperature patterns in 
low profile loads is investigated in this chapter. The 
objective VS to establish whether or not ae simple 
mathematical model is sufficiently accurate to predict 
temperature patterns, when the cavity is excited ina known 
mode. The technique could provide a design aid for advanced 


microwave ovens. 


3.1 Neasurement_of Tempera*ture Patterns 

To evaluate +he performance of microwave ovens, insofar 
as their ability to heat a load uniformly is concerned, 
several techniques’ have been proposed (42,43,44,45). 
However, no consensus has yet been reached as to which gives 
a better prediction of performance, and is practical to use 
in terms of reproducibility. The techniques which have been 
developed include; heating of actual foods, simulated foods, 
sheet loads with temperature sensitive indicators and 


separate water samples. 


When heating foods, usually a sensory evaluation is 


done by a group of persons. With simulated foods, 
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temperature profiles are measured and recorded. Although 
these techniques approach the real situation in a loaded 
oven better than sheet loads or separate water samples, they 
are not easy to reproduce. Because of the large variety of 
foods that can be processed in a microwave oven, the 
conclusions drawn from a specific test do not necessarily 


mapply to all foods. 


The other techniques, which are sheet loads with 
temperature sensitive indicators or separate water samples, 
are used to "map" the energy distribution in the oven 
cavity. As temperature indicators in sheet loads, egg white 
has been used (43,44). The egg white coagulates when heated, 
thus giving an indication of the regions where the electric 
field intensity is highest. Liquid crystals have also _ been 
used for obtaining electric field patterns (46). They have 
the advantage of giving an indication ores a range of 
temperatures, changing from black to brown, green and blue 


for, typically, a 4 to 6°C temperature rise. 


When using water samples to map the energy distribution 
of a cavity, two approaches have been used. In the first, 
samples of the same size are placed in a number of positions 
and their temperature measured after equal exposure times. 
In the second, an array Of small samples is exposed and the 


temperature of each of the samples measured (31). 


ee 

ze 
ie _ 
7 


lakaeds ia 
i | punts pan cae 
eo) €. a2 eh j ha) oor 
7 ge! } 's teas | 
you® yi vars: ; tou. @ es on 8 shank sam ald i _ 
1 ae 
0), Sian apa ada “seven i ayes fak.oae 


wn? —60a ° Se RKaTOIa & iT? tenpeat vad rie tody eee 


a 


ime ee sac? pie ae A ‘en ‘wean eeatpert = 7 : 
: oben bre at “si 


<r : : 


J 


nate.) eG! YL isn tne en Podsie 4 snatra wr 


poiheke Gelade avatmee co emi nelent ce bs toner SepreredE 
t "e 
qaurty ene nei ue! rer? 14 eee sf 2 VQ ua" og ae 
. . i _ 
« 7 é i> ae. 3 TP ue ihe? asi 4a e086? ah o> « 


a? 


: 7 
Nn. oie 6 €etecias #2 Flv Ae onT. .4emetey Hiqietds peat 


a iyije wht o ool ities Wil 26 end tePhat vo naredp 
Ye) ee a ELD & et oe ~igntete ah Tena tas oe 
iA (dlp, wn tease bP yf! shvisede palatesic 3 3h3 + = 
he niiey be tan TY roy de AD a oO LE: 


bold Aus O~aip, , ty so ae Ape aert Bh yp PAD nasus da 
wad $20 {aren 8 Ov? 6 epg 


- ci : . ie eo 


7 
vureranh ord wi ade or aie 199 wah m 
: a ai 
a shew nine ©: # peirepagee | a fa Ne 
ser peely Ry pitia wah Aen enn ait} yo eetag 
> eit . Pu onl PS a ; 


‘shes ees 
Tes, - 


ahi 


The implicit assumption, in both techniques, is that 
the energy distribution in the loaded cavity is not 
Significantly different from that in the empty or lightly 
loaded cavity. To support this assumption, there is evidence 
of reasonably good correlation between energy distribution 
maps obtained with these methods and temperature profiles in 


some foods (42). 
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ete nt Introduction 


Little is known of the relationship between energy 
patterns in an empty or lightly loaded cavity, and the 
corresponding temperature patterns in actual loads. The 
conventional approach taken to obtain uniform heating is to 
randomize the fields in the cavity as much as possible. The 
mode-stirrer is used for this purpose and new designs are 
constantly being patented (16,17); however, success has been 
limited. Furthermore, with this approach it is not possible 
to obtain predetermined temperature patterns, which may not 
be necessarily uniform. Non uniform heating in domestic 
microwave ovens can be, in many cases, dealt with by 
occasionally changing the position of the food during the 


cooking process. The problem is more serious when heating 
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prepackaged foods and in ovens for institutional use. 


Some authors, Pritchard (47), Staats (48) and Saad (49) 
have proposed the excitation of a few modes to obtain good 
heating uniformity, as opposed to exciting a large number of 
modes and uSing mode-stirrers. These modes are selected from 
those which can be excited in a given cavity within the 
allowed operating bandwidth. Pritchard's approach was 
partially incorrect, as has been shown by Mackay (50). 
Staats and Saad do not explain why the modes they select 
should give better uniformity; no experimental data is given 


by the authors. 


It is important to establish +hat the correlation 
sought here between theoretical results and experimental 
data is of a qualitative nature only. The interest is in 


correlating patterns rather than actual temperatures. 


3.2.2 Experimental Procedures 


A simple load was investigated. It consisted of a 
square of approximately 30 by 30 cm of a lossy sheet of 
dielectric material! ( €,= 16-j16 ), to which a square sheet 


{ of the same dimensions ) of liquid crystals was glued. The 


lcarbon filled fiber commonly used in waveguide attenuators. 
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liquid crystals used change from black (30°C) +hrough brown, 


to green and blue at (36°C). Total thickness was 1.3 mm. 


The reference system for a cavity, used in this thesis, 


is shown in Figure 3.1. 


FIGORE 3.1 Reference system for a cavity. 
The dimensions of the cavity used in these experiments were: 
a=52 cm, b=23 cm and d=50 cm. The cavity was made of 1 cm 
thick aluminum plate. Four positions of the load were chosen 
so that they would overlap each other, as shown in a_ top 


view of the cavity in Figure 3.2. 


x 


POSITION 1 POSITION 2 
z{ Zh 
POSITION 3 POSITION 4 


FIGURE 3.2 The four load positions studied. 
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In all four positions the height of the load, from the 


bottom of the cavity, was 5 cm. 


The two modes selected for the investigation were the 
211 and the 112. The variation in resonant frequency of each 
mode, with the position of the load, was negligible, thus, 
their resonant frequencies were taken to be 932 MHz and 917 
MHz respectively, as calculated for an unloaded cavity. 
These modes were chosen because they are well separated from 
each other in the frequency spectrum and, because they can 


be TE, TM or both. 


The coupling structure was a simple probe penetrating 
at the top of the cavity and parallel to the Y axis. Its 
length and location were chosen to obtain good coupling for 
all load positions. For the 211 mode the probe was located 
at X=10.5 cm and Z=25 cm. For the 112 mode the coordinates 
were X=26 cm and Z= 9 cm. The minimum return loss’ achieved 


was 13 dB ( 95% of the power is absorbed by the load ). 


The power source was a laboratory microwave generator 
with frequency variable from 500 MHz to 1000 MHz and power 


variable from 0 to 50 W. 


The procedure to obtain the temperature patterns was 


the following: the output power of the generator was set at 
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30 W. The load was placed in one of the four positions and 
exposed for times ranging from 20 to 30 s. At the end of the 
exposure the load was quickly placed on a jig and a_ picture 
taken with a Polaroid camera. This procedure was the same 
for all positions and for both modes. The energy deposited 
in the load could not be the same in all cases, because, 
depending on the size of the area where the power was 
dissipated, the temperature could fall outside the 
temperature range of the liquid crystals. Thus, the exposure 
time was somewhat different for each pattern in order to 


make the experimental and theoretical results comparable. 


3.2.3 Theoretical Analysis 


The temperature rise at any point in a lossy dielectric 
exposed to electromagnetic radiation is given by equation 


(Za5)%% 


Me KE Ea t Ef (25) 
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From this equation it is seen that for a homogeneous 
load which has an €," reasonably independent of temperature 
and for a given mode ( constant frequency ), AT at every 


: eZ. 
point in the load is proportional to t and to {E{ at that 
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HOLM ee Li LS ee OF course, assumes that the thermal 
conductivity of the load is zero. This was not the case for 
the load used in the experiments, but since it was quite low 
and since the experiments involved short times, as a _ first 
approximation AT can be considered to be proportional to t 


and (f° only. 


If the field patterns in the empty cavity are not 
Significantly altered by the load, the temperature patterns 
obtained experimentally should closely resemble the patterns 
of E14 when F is calculated from the equations for the 
empty cavity. Since the modes chosen could be TE or TM, the 
possibility of both being excited simultaneously had to be 


considered. 


The model used to calculate # is the following: assume 
a rectangular waveguide of dimensions a and b along the Xx 
and Y axis respectively, in which a TE mode is propagating. 
The field ccmponent of this mode in the direction of 


propagation Z, is given by (32), 


e\az 
H. = A cos Aix. Cos alee Gan) 


where: @ = phase constant 


If a short is placed in the waveguide, standing waves are 


set up. If another short is placed at a distance d from the 


: > 
i ‘ =), a en 
- a s= © a 


: r. 2) re. on _ | _ 
: * Seeqee? |, ai25- 24608 wae have ah esiDs rf 
: = : S _ 
a ging wt 950 Nal RAAT ‘chee bt Coad) oF 
b ediup qhe fi ony fred steer reeny ates papas 
‘o744 '@ Ge. pete ia Lnaingat ‘a ¥aee Seaue bie ct c 
a wWrebIgequse wd.or bn thd teen oo ony “TA aise tAmh2 
vino FEh> 


oe) - 
coi cilvan ace JA4 at, goteteah bfert ead tree & 


2 . 


fivee ea Hage ott. Mod ate Yu Segecte pl seonisis an 
wig-er ae, od © phdeepen «© ienein btiinee Lins ioe Geagae smasarte | 
as oh saine gf maak fiateivaiog al * gene AW to) 

vi" Ja? zo ST RA Fl voe, ta acoo sahjas al? O30 FE. o¥ %ag y : 


i 7 t 
. { i . : : 
er hw yievedingive te bastante. paper) died Ww qe ct Ram a 


' sahalante a: 


* - a 
Shiites padveolloy oft Zé Peet givaito ~~ teow *8ee. sat 


yr wh? peela A Oe fs pg Sage byt b° to ALS dh 0904 wilepaa?: 
a 7 5 4 
| —- 

-pnbieDeqory of Great 1 & orgy. wi TiywvensguerT shea F 
: ’ 4 

7 ciseweaih ved? ‘ab "sbpw ora f+. -nacoeap Met { 


i Yo. PAety AE 


mesa * 4 sa x ay 
ey 


- _— : 7 
| fohe oe 
J 


- 


rs 
ms Oa 
er aa — 
. 


57, 


first one, where H, is zero, it can be shown that Hy inside 


the cavity thus formed, is given by: 


eles =-2jA Cos ais Cos mae Sin a (5.2) 


From this equation all other field components for the TE 


mode can be calculated. 


For a TM mode the field component in the direction of 


propagation is given by, 
_ tx 2. mity 32 
Ee = B sin <i Sin a Ca © (3.3) 


According to the same model, E, inside the cavity is given 


by, 


len Ea sin — ln COS ae (3.4) 


where 4d is the distance between the short and a plane where 
dE, /9Z = 0. From this eguation all other field components 


for the TM mode can be calculated. 


The boundary conditions between two dielectrics require 
that the tangential electric field and the normal electric 


flux density be continuous at the boundary. If dielectric 1 
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Tseed iL and#dielectrice72 hasvasrelative permittivity <7, the 
normal electric field at the boundary inside dielectric 2 is 


given by, 
Ee = ob (3.5) 


Since the load used in this investigation is a thin sheet in 
the XZ plane and €, LSsee> > ele acconding 20) AsS25)y acre 
contribution of Ey to heat the load is negligible. Thus, the 
only field components that significantly contribute to heat 
the load are: E, for the TE mode, which will be called £F,, 
and,);» E> and “EE, for the IM mode. The latter will be called 


Ex2 - The expressions for these fields are (32): 


E222 Mob (mi) eos As. sinmlly sine 6.) 


Ee — DAS sin AM Sin ory cos ales (S00) 


where: ke ="2Wf./c 
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er ot Computations and Results 


A computer program was written to calculate the square 
of the total electric field at ua points in the load, in 
each position. The following five cases were analyzed: the 
mode excited was a TE, a TM, TE and TM in time phase, TF and 
TMI) 90° 8 out of) time phasevand, TE) ana tH 180° out of time 
phase. The square of the total electric Pieldte for these 


cases are: 


|E, | ‘a Ex: |? (3.9) 
| (3.10) 


(3.11) 


I 


| (fee Ex2|* + |Ex|2 
Er | Ex [7+ | Exal? 4 | Ea] 7 (3.12) 
Pere eee aise (3.13) 


{1 


The computer output was a square’ array "of 44% values 
corresponding to the 441 points in the load. The printout 
was then photographically reduced to the same size of the 
Polaroid pictures for direct comparison. In all cases the 


values of [EB were normalized to a maximum value of 10 
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before printing. Contours were drawn enclosing values of 
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was selected to match one of the pictures and then applied 
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for all the other patterns. 


When analyzing those cases where the TE and TM modes 
were excited, several combinations of constants A and B were 
tried. The best results were obtained for B/AY380. The 
results are shown in Figures 3.3 through 3.5 for the 211 
mode and Figures 3.6 through 3.9 for the 112 mode. 
Temperature ranges are shown with different densities of 
cross-hatching; the higher the density the higher the 
temperature. All other theoretical results bore no 
resemblance to the experimental results. A few exceptions 


are explained in the discussion. 


3.25 Discussion 


The model assumes that the fields in the empty cavity 
are not perturbed by the load; however, even in the empty 
cavity, the fields cannot be expected to be identical to the 
theoretical ones, since the theory assumes perfectly 
conducting walls, exact dimensions and no input or output 
port. The model neglects the thermal conductivity of the 
load and the unavoidable nonuniformity of the thermal 
resistance between the load itself and the liquid crystals 
sheet. Other sources of inaccuracies are the linited 
temperature range of the liquid crystals and the low 


resolution obtained with 441 points in a 30 cm Square area. 
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FIGURE 3.3 Mode 211. Temperature patterns for positions 1 and 2. Expe- 


rimental patterns are at left. 
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FIGURE 3.4 Mode 211. 


pattern is at the top. 
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POSITION 4 
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FIGURE 3.5 Mode 211. Temperature pattern for position 4. Experimental 
pattern is at the left. 
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FIGURE 3.6 Mode 112. Temperature pattern for position 1. Experimental 
pattern is at the top. 
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POSITION 2 
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FIGURE 3.7 Mode 112. Temperature pattern for position 2. Experimental 
pattern is at the left. 
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FIGURE 3.8 Mode 112. Temperature pattern for position 3. Experimental 
pattern is at the top. 
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POSITION 4 
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FIGURE 3.9 Mode 112. Temperature pattern for position 4. Experimental 
pattern is at the top. 
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Considering the simplicity of the model and the sources 
of error described above, the correlation between measured 


and calculated patterns is, in most cases, quite remarkable. 


The pattern in position 3 for the 211 mode and those in 
positions 1, 3 and 4 for the 112 mode, could only be 
correlated to those where the TE and TM modes were 
considered to be excited simultaneously. However, none of 
the three phase relationships analyzed («( only the best two 
are shown in the figures ) gives as good a correlation as 
that obtained for the other positions. One possibility is 
that the actual phase difference between the modes is 
different from those analyzed. Another is that this phase 
difference may vary with time. It would be difficult to 
determine how it varies with time, since the way in which 
the TM mode is excited together with the TE mode for some 


loading conditions, is very difficult to establish. 


The results of this investigation show that if a mode 
can only be a TE or TM, the calculated temperature patterns 
would predict with reasonable accuracy, and no ambiguity, 
actual temperature patterns in a low profile load. For 
microwave heating systems in the lumber, textile and paper 
industries, for instance, cavities could be designed with an 


a priori knowledge of the modes that are required. 
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FOr loadssslikes siood,*s*theoreticall*calcnlations? | of 
temperature distributions have been done by Ohlsson (20,22) 
assuming a plane wave incident on slabs of food approximated 
as infinite plates. The model developed in this chapter , if 
used in conjunction with a suitable model of heat transfer, 
should give accurate temperature distributions in finite 


loads in a microwave oven. 


Using the same load and cavity as those used in the 
work of the previous section, a few experiments were 
performed to study the superposition of temperature 
patterns. Two microwave sources were used to excite two 
different modes. A Polaroid picture was taken of the 
temperature pattern for each mode excited separately. Both 
modes were then excited simultaneously and a picture taken. 
The latter was an almost perfect superposition of the 
previous two. This, however, is to be expected since hoth 
sources operate independent of each other and at different 
frequencies. The same result would be expected if only one 
source were used, but its frequency changed to excite both 
modes sequentially. Results of pattern superposition using 


this technique will be shown in chapter 5. 
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These results suggest +he possibility of tailoring 
temperature patterns by exciting suitable modes a+ suitable 
power levels. The technique developed in section 3.2 can he 


a valuable aid in determining these modes and power levels. 
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Microwave ovens save energy due +o th 
conversion efficiency, however, there is still con 
room for improvement. The main purpose of this chap 


determine conversion efficiencies in an experiment 
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ale cavity 


and in a typical commercially available domestic oven, for 


comparison with conversion efficiencies which 


achieved using a new technique developed in chapter 


4.1 Overall Efficiency of Microwave Ovens 
The overall efficiency of a microwave oven 
divided into the following partial efficiencies: 
a.-- Power supply efficiency. 
b.- Magnetron efficiency. 
c.- Microwave to heat conversion effic 
circuit efficiency. This is an absolute va 
is calculated as the ratio of power absorbe 


load to power delivered by the magnetron. 
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The overall efficiency of a microwave oven is calculated by 


measuring the power drawn by the system from the 


AC power 


line and the corresponding power absorbed by a large load, 
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usually, 9 1 sto 2 Oso water (2 26) Mtypicalivoverar! 
efficiencies for domestic microwave ovens are in the 40% to 
50% range (25,19). If a microwave oven has an overall 
efficiency of 45%, for instance, taking typical efficiencies 
for the power supply and magnetron of 95% and 65% (26) 


respectively, a circuit efficiency of 73% results. 


From these .efigures Tit7is clear’ that @substantaal 
improvement in overall efficiency can only be achieved by 
improving the magnetron and the circuit efficiencies. The 
efficiency of CW magnetrons in the 0.7 kW to 2 kW range was, 
on the average, 60% in 1967 (52). Today, some production 
Magnetrons show efficiencies of approximately 65% (35) and 
up to 69% has been reported (53). Further improvement will 
require a substantial research and development effort and, 
another 5% to 10% increase in magnetron efficiency cannot be 
expected for several years. Thus, in the short term, the 
overall efficiency of a microwave oven can only be improved 
by improving the circuit efficiency and, as shown in chapter 


1, a circuit efficiency figure of 95% is a realistic goal. 


The use of large water loads is the most common 


1For some standard tests (e.g. loads for leakage 
measurements) 275425 ml of water are stipulated. The same 
volume of corn oil has also been suggested as a “standard 


load". 


Clateve, kansage?, at bali oF YP 

>! ‘Ae &A*. otal ease evede rake ! mG BS 
if , fat) ‘ Fa -—< an - 7 a 

bal avaiur e2ng 78 cy, hesasiitm ieee ei 


"2 


ex 
ge Sixties 21a) sey? yiian ‘yon bed ~ ® "a 
fam) ea Gut Feel Fea wei fale ‘ertgiin “ae a af baa > 


at faci S5T Fo, bom aiepaie », qyieelss 


wisveiedue *Hile. Saels Se 4 sepa ‘Gouge ae 


Pavbivios . Od. NiAao Ff 3 saiipion enreve ut snpenen i 


inte: pirerl? Silt Poe aens@arae off pokeaeens 
a 


=. 1 


na, ak © ete ret a enieeny ss > Ie eae 

a 

friniows amos.) <yaho? “shri yaar os Roe ‘ee nern im a 
. (3 
Gah fet. wee tar eee nae. 20: Perey vor A cal otitis 


é¢ 


i > a 
ifiu. *aenavorcas er a, na 6 ante mips abe 10 09 te 
> 
al 


Bails bik aigage Layoh Bete aya Dd ahead ale Lae ag oPs : 
4° soanste eee aneeee sic Lane ied acarredd 0) os aan 

i, 
° at ;* *7oH- +0) rh ‘ AW) tas zeny, ‘Fepayns ot t os9 


wwh'tiows SA * Lat hi nets wa to: rpetsioee 


re YR 8 sbi vtiplaur ats! > duty é nts ae 

et hb SetetLiay Go 2 rie el vomade iG, seh . 
— 

Si - 4 a - 

| aie 


i] _ 


apap. 2209. og +» #1) ae 


a ee 


7 

a _ = 
oll 
y 


vo 


53 


procedure to calculate the Maximum Power Available to the 
Load (MPAL) and the overall efficiency. The assumption is 
that for an average size microwave oven, 1 to 2 1 of water 
is a large enough load to absorb all the microwave power 
that is available in the cavity. An overall efficiency 
figure based on such a load, however, is somewhat misleading 
since it says very little about the efficiency that can be 
expected for smaller, more realistic loads (a bowl of soup, 
for instance, is about 250 ml). At +he same time it does 
not take into account the variations of efficiency with 
varying positions of the load inside the cavity. Finally, 
due to the different size of oven cavities, it is more 
Suitable to use a filling factor F (ratio of load to cavity 
volume, 33) rather than load volumes when determining the 


MPAL or efficiencies. 


f Microwave Ovens 


4.2 Circuit Efficiency 


The experiments reported here were aimed at 
investigating the following in a microwave oven: 

a.- Variation of circuit efficiency with load volume. 

be-setticiencys,dispernstoneg, in) they context; softs this 

thesis, this expression defines the variation of 

circuit efficiency for a load, as a function of its 

position in the cavity. 


c.- Effect of the mode-stirrer on circuit efficiency 
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and efficiency dispersion. 
d.- Effect of source bandwidth on efficiency and 
efficiency dispersion. 

The experiments were performed in an experimental cavity and 


in a typical commercially available domestic oven. 
4.2.1 General Experimental Procedures 


Experimental procedures which are common to all 
experiments performed are described here. Particular aspects 
will be described later for each experiment. The following 5 
Pilling phactors aweresstudied: 30.05%, 10.1%, O25%%. 730% and 
1.5%. Six positions were determined in a pseudo-random way, 
in the sense that three levels above the bottom of the 
cavity were chosen; 0 cm, 2.5 cm and 7.5 cm, and 2 positions 
were randomly selected at each level. At each position, the 
power absorbed by each of the 5 loads was measured. The load 
was water in styrofoam cups provided with a styrofoam lid +o 
minimize heat losses. The dimensions of the cups used for 
the different filling factors are given in Figure 4.2 and 
are in centimeters. Preliminary tests? were performed to 


observe how the absorbed power varied when a measurement was 


2For each filling factor and each position, the preliminary 
tests were repeated ten times. The results indica*+ed 
considerable care was required for heating small loads. For 
high filling factors fewer tests were necessary for each 
load position. 
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repeated. Since larger variations were observed for the 
smaller loads, the values that appear on +he graphs are the 
average of three measurements for the 0.05% and 0.1% filling 
factoue Todds 7a ttivoeetoctthe 20 a5%nand 120 %kloadsmandtonestor 
the 1.5% loads. Exposure times were selected to yield a 


yeCmmand &200t2%C mea ndeemadd 


temperature rise between 10 
temperatures were measured with a thermocouple. The power 
absorbed by the load was computed from equation (2.4), with 
C = 4.186 (Joulesy°c g ], €= 1[{g /cm’ ], time in seconds and 
temperature in °C, thus, obtaining the absorbed power in 
watts. It is important to clarify, at this point, that the 
efficiencies that appear in the following graphs are not 
absolute circuit efficiencies. Unless otherwise specified, 
they are normalized to the largest power absorbed by a_ load 


in each experiment. All experiments were done within the 


2,450 MHz ISM band. 


ui 2.2 Circuit Efficiency of Fxperimental | Cavity Using a 


Conventional Magnetron 


The experimental cavity is the same as the one used in 
the work of chapter 3 of this thesis. The coupling structure 
was an S-band waveguide connected to one of the side walls, 
at a location that was chosen for convenience. The waveguide 
could be rotated in 30° steps and, for this experiment, it 


be) - 
was set at an angle of 60 between its broad side and the 
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horizontal. This angle was chosen because it yielded the 
largest number of modes excited in a 100 MHz bandwidth. 
seven were strongly coupled ( return loss greater than 10 dB 
)- The microwave generator was an XL-813 American Microwave 
Inc. CW magnetron, rated at 1 kW output power and operated 
from a full-wave voltage doubler power supply. The output 
power could be varied from about 50 W to 1 kW by means of a 


variable transformer. 


The six positions of the load described in section 


4.2.1 are, for the experimental cavity, those shown in 


Figure 4.1. 
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Ocm 2.5 cm 7 7.5m 
FIGURE 4.1 Load positions at each of the three levels chosen 


in the experimental cavity. a = 52 cm and d = 50 cm. 


A total of 66 measurements (11 for each position ) were 


made and the highest aksorbed power obtained, after 


3Pulling figure: 16 MHZ @ 1.5:1 VSWR. 
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averaging the repeated measurements, was used as the 
normalizing factor. In this way, a relative Gare uit 


efficiency was calculated. 


Results 

The results are shown in Figure 4.2. Highest, lowes+ 
and average relative circuit efficiencies for the different 
loads are shown. The actual volumes corresponding to the 
different filling factors for the experimental cavity are 
given on the horizontal axis. An extra neasurement was taken 
for a 2.5% load, in order to verify that relative circuit 
efficiency ( at least in this case ) was not always an 


increasing function of volume. 


The Main feature of these results is the large 


efficiency dispersion for all filling factor loads. 


4.2.3 Circuit Efficiency of a Domestic Microwave Oven 


The microwave oven selected for this experiment can be 
considered typical of ovens in its class. Overall efficiency 
was found to be 44%. This figure compares very well with the 
average overall efficiency of 43% measured by Consumers!’ 
Research Magazine (19) for 10 domestic microwave ovens. 


Other typical characteristics are: the oven volume is 28.4 
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am? (1 cu.ft.), a base load is provided by a lossy glass 


tray and a mode-stirrer is included. 


The measurements performed in this oven were 
essentially the same as those of the vrevious section. The 
six load positions studied were, again, 2 at each of the 0 


cm, 2.5 cm and 7.5 cm levels and are shown in Figure 4.3. 


Ocm 2.5 com 75cm 


FIGURE 4.3 Load positions at each of the three levels chosen 


in the domestic microwave oven. a = 37 cm and d = 35 cn. 


Results 

Relative circuit efficiencies are shown in Figure 4.4. 
Before normalizing to the highest absorbed power measured, 
three extra measurements were performed at 2.5%, 5% and 6.4% 
filling factors. The power absorbed by the 5% load was’ used 
aseethe normalizing factor, since there wasma negligible 


change in the power absorbed by larger loads. 


— ae : r wae 
ude sro 394R, sae hd eg oi — eds y a nan | 
b- SOF) IO Kako es. . NE bOn sitet, Hettats: Andetizod al 4 


bo 
abet 
2.8 snp LY nd mis en) peares ¥> 7.7 baw oo + 8 2 


razed? ‘slbyp? eats. opt tf) sve de Bae Lat aos aad £ J 
+ ) oo 7 


fies 2t) =) Shee 6 | nowe avaeerate obsesdah se Th Ce a 


av 


: | aPau’ ort af ney hp Ercapacigart i 

nea areas be: 

a ae ais 1m 
x . 


60 


[%]4 os 2 Ciel 50 


"USAO SARMOAILU DLYSSWOP BY MOF SALOUALILYJS ZLNOULD aALZeLay ee SER 


CO S00 


jw o000dzc 


"$49 4IND41F, @BBDsaAV ——— 


OV 


09 


UOIJISOd 


AsOsSIQS 
a 08 


Oot 


[%] 


NipeCaeone Ate? 


ay. 
B 
¢ 
Ie 
: 
3 
q 


61 


The Smain \features) of these results “are:) a “small 
efficiency dispersion and a rather steep decline in 
efficiency with decreasing filling factors. This steep 
decline in efficiency is most likely due to the base load 


prowadedabyatherglass tray. 


4.2.4 Mode Stirrer Effect in Experimental Cavity Using a 


Conventional Magnetron 


Circuit efficiency measurements were performed to 
determine the effect of a mode-stirrer on circuit efficiency 
and efficiency dispersion when the source is a conventional 
magnetron, and to establish whether these effects are due to 
perturbation of the fields in the cavity introduced by the 
mode-stirrer or to frequency pulling of the magnetron. The 
two phenomena were separated by using an isolator between 


the magnetron and the cavity. 


Case 1. Effect of Mode Stirrer Without Isolator 


The measurements performed are, essentially, the same 
as the previous ones in that load filling factors, load 


positions and method of calculating circuit efficiencies are 


the same. 
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The mode-stirrer was a 5 blade aluminum fan, 25 cm in 
diameter. It was located to yield maximum pulling of the 
magnetron frequency and was rotated with a jet of compressed 
air. Figure 4.5 shows the frequency spectrum of the 
magnetron measured in the input waveguide. Figure 4.5a is 
for the case of no isolator and no mode-stirrer, Figure 4.5b 
is for the case of no isolator with mode-stirrer, Figure 
4.5c is for the case with isolator and no mode-stirrer and 


Figure 4.5d is for the case with isolator with mode-stirrer. 


What is important to observe in these figures, is the 
considerable enhancement of the 3 dB bandwidth achieved with 
the mode-stirrer when there is no isolation of the 
magnetron. With an isolator there is a negligible effect of 
the mode-stirrer on the magnetron, and the 3 dB bandwidth is 


essentially the same as that when no mode-stirrer is used. 


————— 


The results for Case 1 are shown in Figure 4.6. The 
Main features of these results are: the higher average 
circuit efficiency obtained without the mode-stirrer and the 
smaller efficiency dispersion obtained with the mode- 
Stirrers wOLeinterest,— also, .smth ceLaGCta tna teeth em L atest 
decline in efficiency for decreasing filling factors are 


very Similar. 
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(a) Without isolator and without (b) Without isolator and with 
mode-stirrer. mode-stirrer. 


(c) With isolator and without (d) With isolator and with 
mode-stirrer. mode-stirrer. 


FIGURE 4.5 Frequency spectrum of conventional magnetron exciting 
the experimental cavity. Vertical scale: 10 dB/div, Horizontal scale: 
10 MHz/div. 
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Case 2. Effect of Mode Stirrer With Isolator 


The measurements performed in this case are identical 


to those of case 1 except that+ an isolator was used between 


the magnetron and the cavity. 


Results 


The results for this case are shown in Figure 4.7. The 
main features of these results are: +the large efficiency 
dispersion obtained without the mode-stirrer, the small 
efficiency dispersion obtained with the mode-stirrer, and 
the similar rates of decline in efficiency for decreasing 
filling factors. Comparing these results with those of 
Figure 4.6, it is clear that the small efficiency dispersion 
obtained in both cases with the mode-stirrer, is due to 
perturbation of the cavity fields rather than to frequency 


pulling. 


4.3 Importance of Source Bandwidth on Circuit Efficiency 


a a rn a re ae a ee a oe ae 


What is the minimum bandwidth required to 
satisfactorily operate a microwave oven ? This is a very 
important question which has as yet not been answered or 


adequately investigated. This question acquires’ special 
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relevance in view of long lasting decisions on frequency 
allocations which are to be made in the near future (30). 
Proposals are already being made in which, at the ISM band 
of 2,450 MHz for instance, the 100 MHz bandwidth now 
available shculd be maintained (54). However, more data to 


add substance to these proposals are considered necessary. 


Apart from bandwidth requirements due to tolerances on 
the center frequency of the magnetrons, it is desirable to 
establish whether larger operating bandwidths are necessary 
or desirable to improve the performance of microwave ovens, 
as measured by parameters such as circuit efficiency, 


efficiency dispersion and heating uniformity. 


In the 2,450 MHz ISM band, over a bandwidth of 100 MHz, 
for instance, a typical return loss response of a microwave 
oven shows a number of maxima and minima. The shape of this 
response changes quite dramatically with the size and 
posttrone Of =the load. Therefore, 1t is evident that) 1f the 
cavity is excited by a narrowband (< 5 MHz) microwave 
generator, the return loss and hence the circuit efficiency 
can vary over a wide range and there is no way of 
coneroiling “12 this is particularly true stor sitall loads, 


due to the higher Q of the cavity.(see chapter 2, section 
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4.3.1 Circuit Efficiency as a Function of Randwidth Swept by 


the Source 


The experiment reported in this section was aimed at 
determining the effect on circuit efficiency and efficiency 
dispersion, of frequency sweeping the source over different 
bandwidths, centered at 2,450 MHz, at constant input power. 
The filling factors, positions and containers for the water 
loads, were identical to all previous experiments with the 
experimental cavity. The coupling structure was the same 
waveguide (at 60 ) as used in the experiment discussed in 
4.2.2. A low power ( <100 mW ) sweep frequency oscillator 
was used, therefore, efficiencies were calculated from data 


on input and reflected power. 


When sweeping over a bandwidth the circuit efficiency 
must be calculated as an average. If the input power is 


constant, at any frequency, 


Lie 
Relies a (4.1) 


where, PB = reflected power 
i ie input power 


The average efficiency in a given bandwidth is given by: 
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=|" Expy | Palf) df (4-2) 
{, 


Data on input and reflected power were obtained with a 
frequency domain reflectometer, and the integration in (4.2) 


was done electronically. 


Results 


Eleven source bandwidths were studied and the results 
ace eSshows Sin w Figure ~“T6e@qwhere;mtor each filling stactor, 
highest, lowest and average efficiencies are shown. As 
discussed earlier, for a lightly loaded multimode cavity, 
the return loss response, measured over a large bandwidth, 
exhibits sharp peaks and regions where lit+le or no power is 
absorbed by the load. In these results it is seen that for 
0.05% and 0.1% filling factors, the average efficiencies for 
the 5 MHz bandwidth are quite high. This merely indicates 
that  atwe0? 4501225 MHZ =~ there =1s“avhighwreturn loss. At a 
different frequency the return loss could have been very low 


and, hence, a poor circuit efficiency would have resulted. 


The main features of these results are: the negligible 
change in efficiency dispersion with increasing bandwidth 
fOrmlowetilling factors, (970.05 9A 8andm 034 Ae) ole ie 


considerable reduction in efficiency dispersions for medium 
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FIGURE 4.8 Relative circuit efficiencies for the experimental cavity, 
for different source bandwidths swept at constant input power. 
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to high filling factor loads for bandwidths of 40 MHz or 
more. Worth noting is the fact that the average efficiencies 
for low filling factors stabilize at a bandwidth of 


approximately 40 MHz. 


It is reasonable to expect that this bandwidth is 
dependent on the number of modes that the cavity can 
sustain. In a 40 MHz bandwidth the cavity used in the 
experiments could sustain 8 modes. To achieve the same 
results in a smaller cavity, larger bandwidths would most 
probably be required. Further research on this point is 


considered necessary. 


4.4 Conclusions 


The following conclusions are derived from the results 
of the previous sections: 
1.- A mode-stirrer significantly reduces the efficiency 
dispersion, i.e. it improves the ability of the system 
to cope with varying positions of a load. At least in 
systems which are not provided with an isolator, the 
price paid for this lower dispersion is a somewhat 
lower average efficiency due to increased reflections 


to the magnetron. 


2.- The reduction in efficiency dispersion achieved 
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when a mcde-stirrer is used, is mainly due to field 
perturbations, rather than to changes in the magnetron 
frequency due to pulling. 

3.-In a system provided with a mode-stirrer, better 
results, i.e., smaller efficiency dispersions and 
higher average efficiencies are achieved with an 
isolator than without it. 

4.- The presence of a base load reduces the efficiency 
quite rapidly for decreasing loads. 

5.- A constant power microwave generator swept over 
bandwidths of 40 MHz or more, is effective in reducing 
the efficiency dispersion for medium to large loads, 


without significantly affecting the average efficiency. 


Coneruston ois not only sintuitively “logical sbut (41% 25 
derived from a comparison of the slope of the average 
efficiency for the domestic oven, which included a base 
load, and the slope of the average efficiency of all the 
other experiments which were performed in the laboratory 


cavity, without a base load. 


Conclusions 2 and 5 may appear to be somewhat 
contradictory, however, it must be recalled that, as shown 
in Figure 4.5b, frequency pulling of the magnetron in the 


experiment described in section 4.2.4 Case 1, was achieved 


over a bandwidth of 10 MHz only. 
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CAVITY EXCITATION WITH A_ FREQUENCY AGILE SOURCE 

Frequency is the most important parameter in 
controlling the performance of resonant microwave heating 
systems. In Chapter 3 it was shown that different 
temperature patterns can be obtained by exciting the cavity 
in different modes and, in chapter 4, that efficiency 
dispersion is effectively reduced when the cavity is excited 
with constant power and the frequency is swept over a 
bandwidth of 40 MHz or more. These findings suggest a study 
on the potential of exciting a cavity with a frequency agile 
source. The use of such a source is investigated in this 


chapter. 


A voltage tunable magnetron was used as the microwave 
source in the experiments performed but, as will be seen, 
the conclusions obtained are not restricted to the use of 
this particular tube. It will be shown that this approach 
leads to a great improvement in circuit efficiencies and to 


the possibility of tailoring temperature patterns. 
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5-1 The Voltage Tunable Magnetron «VTM) 

The voltage tunable magnetron is one of the family of 
crossed-field microwave tubes. Frequency is nade 
proportional to the anode voltage by heavily loading the 
resonant circuit with the output coupling ( typical Q values 
are of the order of 10 ) and by controlling the injection of 
electrons so that the space charge is limited at some level 


below that which would be provided by a thermionic cathode. 


The VTM makes use of a reentrant RF structure and the 
electron injection system is made up of a cold cathode, an 


emitter and a control electrode, as shown in Figure 5.1. 


ANODE COLD 
VANES CATHODE 
CONTROL 
RING 
EMITTER 


FIGURE 5.1 Cross section of a voltage tunable magnetron. 


With the emitter located away from the interaction area, 


back-bombardment is essentially eliminated and the influence 
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of the anode voltage on the emitter is minimized. Usually, 
the control electrode voltage is a fixed fraction of the 
anode voltage, typically 30%, and is derived from the anode 
voltage through a resistive voltage divider. VTM's can also 
be designed to be amplitude modulated by varying the control 
electrode voltage. Because of the tight coupling required 
between the resonant circuit and the load, VTM's are 
normally supplied with an integral isolator . The isolator 
can work continuously with VSWR's of up to 2:1 and for 10 to 
20 s with total reflection (a short or open circuit ). 
Further information on the operation of VTM‘'s can be found 
in the literature (55,56,57,58). The main characteristics of 
VOM St seaces 

1.- Linear voltage-frequency relationship. 

2.- Flat power-frequency response. 

3.- Capability of high rates of nodulation. 

4.- High efficiency. 

5.- Versatility. 


6.- Small size, rugged structure and light weight. 


For VIM's in the 0.25 W to 500 W power range, efficiencies 
vary between 50% and 70%, tuning ranges from 66% for the low 
power units to about 13% for a 500 W unit at 3 GHz and power 
variation, within the tuning range, is typically less than 
+1 dB. However, VTM's with higher output power and 


efficiency can be made at the expense of tuning range (58). 
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The following are the specifications of the VTM used in 


the experiments to be described: 


Specifications of VTM Model: S2.25-265/150 MICTRON INC. 


Output Power 

Efficiency 

Linear Sweep Range 
Power Variation 
Frequency Sensitivity 
Anode Voltage at Midband 
Anode Current at Midband 
Control Electrode Voltage 
Control Electrode Current 
Filament Voltage 

Filament Current 


Max. Sweeping Rate 


150 watt 

62% 

2.25 - 2.65 GHz 
+0.2 dB 

0.76 MHz/volt 
3,825 Volts 
0.063 Amps. 
1,200 Volts* 
0.001 Amps. 
3 Volts 

5 Amps. 

50 MHz 


*Obtained From Anode Voltage With A Resistive Voltage Divider. 


The power supply used with this VTM is a commercial unit! 
that features independent adjustment of filament, anode and 
control electrode voltages, as well as a modulation input 


with variable gain. The full 400 MHz tuning range can _ be 


covered with a 10 V change in the modulation voltage. The 


VTM was supplied with an integral isolator. 


Presently, VTM's are expensive and life expectancy is 


Ofs. the sorder of -500 sch ..(56)4s, Also, cippleisin) the anode 


1MICTRON INC., Model No.100B4200. 
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voltage must be kept to a minimum if frequency modulation is 
to be avoided, and this puts stringent requirements on the 
power supply. However, a larger market for these tubes, 
which up to now have been mainly used in electronic 
countermeasures, would certainly stimulate further research 
to, lower costs, lengthen tube life and simplify power 
supply designs, as has already occured with conventional 


magnetrons. 
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The rather large variation in circuit efficiency for 
different loads in microwave ovens is due to the lack of 
control over the circuit and microwave source parameters. 
Thus, a compromise is made and today's microwave ovens are 


optimized for operation with a "typical" load. 


5.2.1 Conventional Automatic Tuning Systems 


One way of maximizing the circuit efficiency for any 
load is to provide the system with a conventional automatic 
tuning device. By this it is understood any scheme in which 
the load is matched to the source. The philosophy behind 
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nininum reflected power is achieved at the operating 
frequency of the microwave source. Such an approach works 
well in principle and in practice (59,60), and it may well 
be justified in high power ( >10 kW ) industrial systems. 
For domestic microwave ovens or other small systems with 
Similar characteristics, however, it has several 


disadvantages. 


First, conventional automatic tuning devices operate 
satisfactorily only within narrow frequency bandwidths 
(<2%). This precludes the possibility of exciting a wide 
variety of modes to improve heating uniformity. According to 
present technology a mode-stirrer would be required to 
achieve acceptable heating uniformity, but the rapid changes 
in the magnitude and phase of the reflection coefficient 
introduced by this device, would defeat the purpose of the 
automatic tuning control. Secondly, this type of tuning 
system requires faanly complicated electromechanical 
hardware. Best results are obtained with a triple stub tuner 
(60), which requires 6 detector diodes, 3 movable stubs with 
the corresponding electric motors and feedback devices and, 
a not too complicated electronic circuit. The minimum 
distance between the microwave generator and the cavity is 
20/8Aq At 2,450 MHz and in S band (WR284) waveguide, this 


means 60.4 cm. 
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It is clear that this type of automatic tuning system 
is not sufficiently flexible to improve the cireury 
efficiency of microwave ovens, and that the physical 
implementation of such a system requires a large amount of 
Space and several mechanical and electromechanical parts. 
These would require frequent maintenance and would 


undoubtedly be the source of many problems. 


5.2.2 Frequency Agile Source and Electronic Tuner 


When the microwave source with which a cavity is 
excited has a resistive output impedance, two 
conditions ( see chapter 2 ) must be met in order to obtain 
Maximum power transfer: the generator frequency must be 
equal to that of a cavity resonance and the equivalent 
cavity input resistance must be equal to the driving 
impedance. In a multimode cavity and within a given 
bandwidth, the above conditions are usually met, or at least 
approached, at several frequencies and their number is 
larger, the larger the bandwidth and the larger the number 


of modes that the cavity can sustain in that bandwidth. 


From the above it follows, that without changing 
circuit parameters by electromechanical tuning or by other 


means, maximum power transfer and, therefore, highest 
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frequency which yields minimum reflected power. This 
approach has been investigated using the system shown 
schematicaly in Figure 5.2. A detailed description of the 
design and circuitry used to implement the electronic tuner 


is given in appendix ITI. 


Referring to Figure 5.2, a directional coupler samples 
the reflected power and a crystal diode generates a DC 
voltage proportional to that power. A directional coupler 
with a low coupling coefficient is required to ensure 
Operation of the diode in its square law region. In 
Operation, the clock starts the sweeping cycle in which the 
frequency of the VTM is continuously varied through the 
operating bandwidth. Everytime the reflected power goes 
through a minimum which is smaller than any previous one, 
the corresponding state of the ramp is stored in the memory, 
erasing what was previously stored. In this way, a+ the end 
of the sweeping cycle the memory contains the information 
necessary to set the voltage ramp and, hence, the frequency 
of the VIM, to give minimum reflected power. When due to 
changing properties of the load during the heating process, 
minimum reflected power is achieved at a different 
frequency, the VIM is locked to the new frequency in the 
next sweeping cycle. This frequency is maintained during the 


hold cycle and then the process is repeated. 
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5.2.3 Circuit Efficiency of Experimental Cavity Using the 


VTM and Electronic Tuner 


Using the system just described and the same 
experimental cavity used throughout this thesis, two sets of 
experiments were performed to determine Cirealis 
efficiencies. The only difference between the two 
experiments was the use of different coupling structures. In 
the first, a probe coupler was used and in the second, a 
waveguide at an angle of 60° between the broad side and the 
horizontal. The type of loads, filling factors, positions in 
the cavity and frocedure to calculate efficiencies, were all 
identical to those used in the experiments involving the 
experimental cavity reported in chapter 4. The electronic 
tuner was adjusted for sweeping and hold cycles of 100 ms 


and 5 s respectively, and the VIM was swep+ from 2,400 MHz 


tome, U0SNHzZ. 


Results 

Figure 5.3 shows highest, lowest and average values of 
circuit efficiencies for the coupling structures used. It is 
seen that, on the whole, efficiency dispersions are similar 
for both couplers, though smaller for large filling factors 
when the probe coupler is used. For small filling factors 


the average efficiencies are higher when +he waveguide 


coupler is used and, in general, the rate of decline of the 
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average efficiencies for decreasing filling factor loads is 


lower when the waveguide coupler is used. 


These results can be better understood when the 
following is considered: a) because of circuit delay, the 
electronic tuner was unable to set the frequency of the VTM 
exactly, when the peaks of minimum reflected power were very 
sharp, b) these peaks were indeed very sharp for low filling 
factor loads and, c) the peaks of minimum reflected power 
were less sharp when the waveguide coupler was used, due to 
the stronger coupling ( lower Q ) provided by this coupler. 
For this same reason the magnitude of the peaks were 
somewhat lower for the waveguide coupler and, hence, the 
lower average efficiencies in most of the range of filling 
factors considered. Further research is required to find a 
coupling structure which gives optimum results when used 
with a frequency agile source and electronic tuner system. 
Certainly, one requirement is that it should be able to 


provide good coupling to as many modes as possible. 


The results show that with an improved electronic tuner 
capable of setting the VIM frequency exactly and an 
optimized coupling structure, it is possible to obtain small 
efficiency dispersions and circuit efficiencies of the order 
of 90% and which remains nearly constant throughout the 


useful range of load sizes. 
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Comparing these results and those obtained with a 
conventional magnetron in the same cavity (see Figure 4.2), 
it is seen that higher average efficiencies and much smaller 
efficiency dispersions are achieved with the VTM and 


electronic tuner systen. 


Efficiency dispersions obtained with the V0, 
electronic tuner and probe coupler system are comparable to 
those obtained with the domestic oven. Efficiencies obtained 
with both systems are shown in Figure 5.4, and it is seen 
that the VTM system exhibits much higher efficiencies, 
especially towards the low filling factor end. Figure 5.5 
shows the improvement in average efficiencies in percent. A 
minimum improvement of 20% is achieved for large filling 
factor loads and a maximum of 150% for small filling factor 
loads. This significant improvement in efficiency by use of 
the VTM certainly warrants the serious consideration of 
microwave oven manufacturers in setting future design trends 


for microwave ovens. 


So) Heating Uniform i tye pest 


The GSW Research Centre has developed a "Microwave Oven 


Heating Uniformity Test" (45), in which a statistical 
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analysis is made of the temperature rise of a number of 
small water samples randomly placed in the oven being 
tested. The result of the test is a Distribution Ratio ( 
D.R.) figure which has an optimum value of 1 if the 
temperature rise in all the samples is the same. The test 
was applied by the GSW Research Centre to 10 different 
domestic ovens. Three were selected and each was given to 
the same housewife to be used for one month. At the end of 
the three months she was asked to grade the ovens in order 
of cooking uniformity. Her judgement was in agreement with 


the results of the GSW test for the three ovens. 


The GSW test was applied to the laboratory cavity with 
the VTM as the source. The VTM was continuously swept at 
constant power from 2,400 MHz to 2,500 MHz. The test was 


also applied to two domestic microwave ovens. 


The results are the following: 


Laboratory Cavity and VTM D.R.= 2.41 
Domestic Oven #1 DeRo= 9.55 
Domestic Oven #2 D.R.= 4.66 


These results show a distinct improvemen* in heating 


uniformity when frequency sweeping the source. 
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5.4 Temperature Pattern Tailoring 


Superposition of temperature patterns by exciting a 
cavity with separate microwave sources has been demonstrated 
experimentally ( see chapter 3 ). However, the same effect 
can be achieved with a single microwave source whose 
frequency is sequentially changed to those values which 


generate the patterns that are to be superimposed. 


An experiment aimed at demonstrating this principle was 
performed. The frequency of the VIM was sequentially changed 
to three different values by means of a modulator which is 
described in appendix III. In essence, this modulator is a 
circuit which sequentially generates a voltage with three 
independently adjustable levels. The duration of each 
voltage level is the same, i.e., one third of the sequence 


time. 


For the purpose of showing the operation of such a 
systen, three frequencies were found which yielded 
temperature patterns whose hot spots did not, in general, 
coincide. The load was the same 30 cm square lossy sheet 


covered with liquid crystals used in chapter 3. 
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Results 

Figure 5.6 shows the temperature patterns obtained in 
this case, at 2,410 MHz, 2,480 MHz and 2,490 MHz, and the 
pattern corresponding to their superposition. The result, as 
can be seen, is an almost perfect superposition of the three 
patterns. This technique allows, if necessary, for giving 
different weighting factors to the patterns that are to be 
superimposed. This does not require changing power levels, 
but merely the duration of the different voltage levels of 
the modulator. Extension of the modulator circuitry to 


generate any number of voltage levels is straightforward. 


5-5 Discussion 

Three ways of using a frequency agile source have been 
investigated in this chapter, and have been shown to be 
powerful techniques for; obtaining high circuit efficiency 
with small efficiency dispersions, improving heating 


uniformity and tailoring temperature patterns. 


Maximizing efficiency does not guarantee good heating 
uniformity and, conversely, a technique that allows control 
of temperature patterns does not guarantee high efficiency. 
In resonant microwave heating systems, highest possible 


efficiency and highly uniform temperature patterns are goals 
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2,410 MHz 2,480 MHz 


2,490 MHz Superposition 


FIGURE 5.6 Superposition of three temperature patterns using the VIM 
and the discrete frequency modulator. 


ee 


that are difficult to achieve simultaneously (61). A 
compromise is possible, however, by operating a frequency 
agile source ina fourth way. During the sweeping cycle of 
the electronic tuner, all the frequencies for which the 
reflected power is below a prescribed value would be stored. 
In the "hold" cycle, the frequency of the source would be 
sequentially set to those values for a period of time. The 
different temperature patterns would improve heating 


uniformity with a guaranteed minimum efficiency. 


Operating a frequency agile source in any of the four 
ways discussed and, perhaps, in more sophisticated ways, can 
easily be accomplished using todays microprocessor 
technology. In any case, the success of any of the 
techniques described requires: 

ae- AS large an operating bandwidth as possible. At 
2,450 MHz no less than 80 MHz to 100 MHz should be 
available. 

b.- A cavity that can sustain a large number of modes 
in the operating bandwidth. A computer program to optimize 
the dimensions of a cavity, in this respect, was written and 

is given in appendix IV. 
| c.- A coupling structure capable of exciting as many 


modes as possible. A slow wave coupler may be the most 


adequate (39). 
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Base loads, which are often used in microwave ovens to 
protect the magnetron, are not necessary with a frequency 
agile source and electronic tuner system. This is one reason 
why higher efficiencies are possible with such a system, 
especially for low filling factor loads. If desired, 
however, it is easy to shut-off the source if the reflected 


power to the tube is too high. 


Other frequency agile sources which could be used in 
microwave heating are: modified conventional magnetrons (62) 
and solid-state microwave generators. In appendix I multiple 
solid-state sources anda single solid-state source, using 
power dividing-combining techniques, are discussed as 
alternative approaches for the excitation of a cavity with a 


frequency-agile source. 
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Reduction of efficiency sensitivity to loading 
conditions and improvement of heating uniformity in 
microwave ovens, are presently achieved using a mode- 
stirrer. It has been shown in this work that these effects 
are due to perturbations of the fields in the cavity, rather 
than to frequency variations of the magnetron due to 
pulling. In systems not provided with an isolator, however, 
a reduction in efficiency results from the reflections 


introduced by the mode-stirrer. 


Frequency has been found to be the most important 
parameter in controlling the performance of resonant 
microwave heating systems. A new technique which makes use 
of a frequency agile microwave source has been developed, 
together with an electronic circuit which allows operation 
of a resonant microwave heating system at the maximum 
possible efficiency under given loading conditions. With 
this technique, a large improvement in circuit efficiency 
over a domestic microwave oven using conventional techniques 
has been demonstrated, especially for low filling factor 
loads. Frequency sweeping of the source over ranges of the 


order of 40 MHz, in the 2,450 MHz ISM band, 1s another 
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effective way of reducing efficiency sensitivity to load 
positioning. However, bandwidths of the order of 80 MHz to 
100 MHZ are likely to be required in cavities of smaller 
Size than the one tested. Frequency sweeping of the source 
has also been shown to be effective in improving heating 


uniformity. 


A new technique has been developed whereby the 
temperature pattern in a load can be tailored to a 
considerable degree. The technique makes use of a frequency 
agile source and suitable frequency modulating circuitry. 
The successful operation of the techniques involving a 
frequency agile source, requires as large a source bandwidth 
as possible and the excitation of as large a number of modes 


in that bandwidth as possible. 


The theoretical prediction of temperature patterns in 
low profile loads exposed to electromagnetic energy in a 
resonant cavity has been demonstrated. Correlation between 
theoretical and experimental patterns is very good, 


considering the simplicity of the mathematical model used. 


A single transistorized microwave generator, using 
power dividing-combining techniques, has been shown to be 


the most suitable approach for the design of an all solid- 


state frequency agile source. 
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For microwave heating applications requiring less than 
100 W of power, transistorized sources represent an 
attractive solution due to their low operating voltage and 
small size. A 20 W source at 915 MHz comprising only 2 
transistors and a fringing field coaxial applicator have 
been designed. Using this combination, a 2.5 cm in diameter 
and 3 mm in depth patch of industrial grade epoxy glue, was 
cured in 45 s. Rocm temperature curing time for this epoxy 
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Solid-state devices have many attractive features for 
microwave heating applications. They are small and rugged, 
have a long life span ( MTBF of 100,000 h for some 
transistors ) (63) and, except for Impatt diodes, operate 
with voltages below 50 V. Equipment using low voltage active 
devices to generate microwave power are less dangerous to 
service, require low voltage high current power supplies 
which are less costly than high voltage low current power 
supplies (64), and greatly simplify the design of mobile 


systems. 


In this appendix the state-of-the-art of microwave 
power transistors is reviewed and two techniques for 
operating a microwave oven with transistorized sources are 
discussed. Also, a practical application of a 20 W 
+ransistorized source used with a fringing-field applicator 
is given. 
les Transistorized Microwave Generators 


CW power output capability and efficiency are the two 


most important parameters to be considered, when selecting 
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the most suitable semiconductor device for microwave heating 
applications. For frequencies below 5 GHz the bipolar 
transistor is by far the most powerful and efficient 
microwave semiconductor (65). From 1964 to 1974 a tenfold 
increase in transistor performance, in terms of frequency 
and output power, was achieved (63). The main goals in that 
period were to develop higher power and higher frequency 
transistors. From 1974 on, however, the goals have been to 
improve reliability, efficiency and bandwidth (66). Typical 


specifications for state-of-the-art transistors are: 


1 GHz 2 GHz 
Power Output (W) 40 20 
Efficiency (%) 5S) 45 
Gain (dB) 8 7 


Minimum bandwidths of 6% to 10%, 28 V collector voltage and 


MTBF of 10,000 to 100,000 h are typical. 


The first microwave power +ransistors which appeared on 
the market had such low input and output impedances, that 
designing and actually making the external ma+ching 
circuitry was very difficult. They were also very sensitive 
+o a loading mismatch. Today, many transistors are offered 
with internal matching. This technique uses MOS chip 


capacitors and discrete bond wire lengths placed inside the 
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transistor package. In this way, efficiency was improved 5% 
to 10%, thus reducing junction temperature and improving 
reliability. Input and output impedances have also been 
increased, greatly simplifying the design of external 
Matching circuits. Sensitivity to load mismatch has been 
drasticallygreduced,;, tom theaspointiagthateamany Btransistocs 
today are guaranteed to withstand an infinite VSWR for all 


phases at rated output power. 


In spite of these advances, the output power from 
Single transistors is far from that required in most 
microwave heating applications. Although the theoretical 
limitations on power output for a microwave transistor are, 
according to one author (63), approximately 800 Wat 1 GHz 
and 400 W at 3 GHz, it is obvious that these values 
represent goals difficult +o achieve. Taking state-of-the- 
art transistors or even assuming more realistic future 
Valuesceot 100 °.W eat wl ?)*cHza.and 50. W at 3 GHZ, at is 
unavoidable that some power combination techniques have to 
be used in order to reach the power levels required for 
microwave ovens. One of these techniques is discussed at 
length in the next section. In section 3 another technique 
is discussed, together with the description of a practical 
example of a low power ( < 100 W ) application where 


Microwave transistors can find immediate use. 
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The idea of using multiple sources of microwave power 
in microwave heating systems is not new (15). Copson (67) 
reported their use in freeze drying systems, Gerling (68) 
reported their use in food processing equipment and Puschner 
(69) describes how a cavity can be excited with two sources. 
Kamide (70) and Kegereis et al.(71) were issued patents 
which describe the use of two sources operating at two 


widely different frequencies ( 915 MHz and 2,450 MHz ). 


The use of multiple sources has been proposed for 
several reasons: to increase the power level in the systen, 
to improve heating uniformity, to increase operating 
reliability and, in the case of sources operating at widely 
different freaquencies, to take advantage of the normally 


different penetration depths. 


The main problem of using more than one source is the 
cross-coupling cf energy between them. This problem is not 
too serious, however, in conveyorized systems in which the 
applicator is a series of cascaded cavities. In systems of 
this type the microwave power sources are usually mounted 
side by side above the conveyor belt. Fach source can be 


tuned to couple optimally to the load passing below and to 


toi oveNSr ben AA | 
ee Of 70m mi salvage Ya ION 9 
Gs atta ORE SAR ere We Rem ths 
smvays tes’ Teese oni aagerta boot 12-eae 
servi pat be Sepcage led ver ythves eee aolean : 
ee ae 
= vate - 


bb CO8 Pease Men OPR-Et) ). aeiceeupes® Geoged vis ete re 
- 


bt Ae Orb tA eG 8 Tame ofits} 4 <2 et viene) 


a - 


tirt «fe boa teed, seh A2goeting eigisies Bo oan. oat . 
~eagng® Gar al grinet vue; @d¢ e2°9932, bY JARRE, | 
pi taseny, | vepurngs O* st'regoling pobteas ore 
y lobby 25) elo eahem Sonaias By Seer ody 62-4 hee | 
yiientiae 68° $c @pnt*iavbss atet of 2 atoneppedt- 

p2itgsh amtsartensy 

o ” 
aie 2 bed Gre Gol e205 paces 20° midseg erly 
10 04 ihn 2d onde whew sed Ryze 2 


ial) 


minimize coupling to the neighboring sources. Since the load 
is constant, retuning is seldom required. Metal baffle 
plates are sometimes introduced between adjacent coupling 


structures, to reduce cross-coupling to acceptable levels. 


In micrcewave ovens, in which the load can vary over a 
wide range, the cross-coupling problem is particularly 
serious. For a given loading condition, any one source can 
receive an appreciable amount of reflected power, in 
addition to power coupled from the other sources. Copson 
mentions the problem but doesn't go much further. For two 
sources, Puschner suggests the use of cross’ polarized 
coupling structures mounted on one cavity wall. In multimode 
cavities, however, most modes have non-zero integers l, mn 
and n and, therefore, TE and TM modes have two and three 
components of electric field respectively, which are at 
right angles to each other. The success of. this technique 


seems doubtful, particularly for more than two sources. 


Reducing cross-coupling becomes increasingly difficult 
as the number of sources is made larger. At the same time, 
the larger the number of sources the more necessary it is to 
achieve negligible cross-coupling, because of the increasing 
ratio of total power in the cavity toc power handling 
capability of each source. Despite these difficulties, it is 


natural to think of multiple sources when investigating the 


be 


. : oe See | tees " 7 i a f ge 


ea 
=% 
: 
_ ‘ 
>. 
' a 
- v 
- - oy 


Pee o eee 8 : — er maar: 


al 
patties. Sdaaiihh:s Sanalte oo te ce 
22 0be) Saletan ' 


7, OTS Wer: laced ones ae (eevee se neonate’ 
a pride “ie blhepines~ -aerts wt 7 
Ri A aL fuels hte yeidsoL netie A 3 


D4 is 
a head) ion bon tees jo «6tunawte§ oldnbourage 46 ontie e987 
sche) «aon It ede eee? petdeod tyeg Se aol wm 
7 7 
uy? Ip PY aby ca ih eS >* wear vee en i¢ow nee. mute #4 ine 


@ a at 
he kien ing worse 6 Fo rey nt? =tiépgws sepacend eee ake 


vion) tere ay ithe! Tey S90 oy betqae~ Rew svewsa ata 


s 4 atepatad Gh ere) aie A » whee syne 0 =, Fares “a ite 
dy Ted 6 aaa - west wine wt Ae SP sh bee ahi beta a 


Fiwgn! ae ore iediveke yaa iet® siziects Yo- ha 7) 
eepsnsses a bie m0 hemapie on? teh fd [a9 oO. esipan : stake 
ep heen Aas bat Abin, a scubhénucin stetaenon: 
; 7 : re 
fina Wah vines eemnoya . see “wei 
a ie a aH Bink 
ae : 


“@ 
oF 2. 


ete 


: .. 
ii. i ¢ 7 ae | 
PS -e Pb oY 7 


- a 


use of solid-state generators in microwave heating 


applications. 


McAvoy (72) describes a microwave oven in which the 
microwave power is generated by a large number of diode 
( Gunn or avalanche type ) oscillators, which are mounted on 
the walls inside the cavity. No mention is made of the 
cross-coupling phenomenon or how the diodes can withstand 
the electric field intensities corresponding to the total 
power in the cavity. Chang (73) describes a similar system 
but Suggests the use of isolators to protect the 
oscillators. This is an expensive solution and can seriously 


reduce the circuit efficiency of the system. 


Another way of using multiple solid-state sources is to 
operate them in a pulsed mode. Suitable circuitry would 
sequentially switch the sources so that only one would be on 
at any instant. This, however, is not a practical solution 
with state-of-the-art microwave power transistors because 


the ratio of pulsed to CW output power is of the order of 3 


for 1% duty cycles. 


In view of what has been discussed and the fact that 
with present solid-state technology, no less than 35 sources 
would be required for a 600 W microwave oven at 2,450 MHz, 


the use of multiple solid-state sources does not appear to 
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be feasible for now. 


3.- Power Dividing-Combining Technique and Low Power 
Applications 
aa) Power Dividing-Combining Technique 


A technique to obtain high levels of microwave power 
which is preving very fruitful, makes use of power divider 
and power combiner networks. These networks are essentially 
the same. A typical configuration starts with an oscillator 
followed by a driver amplifier. Through a power dividing 
network this amplifier drives as many other amplifiers as 
required ( 2, 4, 8, etc. ), and the output powers of these 


amplifiers are finally combined in a single output. 


Using a similar arrangement, a 500 W cW class C 
amplifier has been built (74). The amplifier operates in the 
960 MHz to 1,212 MHz band, uses 22 transistors, exhibits a 
midband gain of 20 4B and an overall efficiency of 30%. A 1 
kW L-Band pulse power amplifier with a center frequency of 
1,250 MHz has also been built (75), with a gain of 7.2 dB 
and anesetficiency sof 35 %8 cauveni dband. @eihessreductionmarn 
efficiency, from that for single transistors, is mainly due 


to the losses in the pcwer divider and power combiner 
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networks. Recognizing this fact, efforts are being made to 
develop less lossy and wider bandwidth power dividers 
( combiners ) (16766) eto substitutesstormethe | classical 


Wilkinson (77) power divider used so far. 


From a technical point of view this approach is the 
most feasible for the development of an all solid-state 
microwave oven. It also allows control of the output power 
and frequency, simply by controlling these parameters in the 
low power oscillator. Further control of the operating 
frequency can be obtained with a voltage controlled 
oscillator ( VCO ). Little information is found in the 
literature that allows an accurate estimate of the cost, for 
instance, of a 500 W unit. Judging by the cost of individual 
transistors, however, one can estimate a present cost of a 
few dollars per watt. From this point of view, it is not 
likely that solid-state power generators will be able to 
compete with conventional magnetrons for use in microwave 


ovens, at least for sometime. 


312 Low Power Applications 


The best known microwave power applications usually 
involve power levels above 400 W. There are, however, 


applications where power levels of less than 100 W are 
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required. These include diathermy (78), skin wound repair 
(79) and curing of adhesives. In applications such as these, 
transistorized microwave power generators offer very 
desirable features, in particular, low voltage operation and 
small size. Both characteristics make possible the design of 


handheld generators which are safe to operate. 


For the purpose of evaluating the difficulties involved 
in the design of a small microwave generator, a 20 W unit 
Operating at 915 MHz was built. Details of the design and 
construction are given in section 4. The design was very 
successful in that only two transistors were required; one 
operating as a power oscillator and the other as a class C 
power amplifier. The transistor used in the amplifier is 


fe) C, 


rated at 20 W output power for a case temperature of 25 
therefore, the 18 8 obtained are considered a good 


achievement. 


A fringing field coaxial applicator was also designed 
and built, in order to investigate the use of the 
transistorized microwave power generator in curing epoxy 
adhesives. The applicator is, essentially, a coaxial line 
with a flared outer conductor. The diameter of the inner 
conductor increases towards the end of the applicator, to 
maintain a constant characteristic impedance. The shape of 


the end of the center conductor controls, *o some extent, 
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the field pattern in the load. 


Figure A1.1a shows a partial view of the applicator, 
and the temperature pattern in a thin liquid crystal load in 
a vertical plane. In b, the temperature pattern of the same 
load in the horizontal plane is shown. In c, a 2.5 cm in 
diameter and 4 mm deep patch of industrial grade epoxy 
adhesive is shown, after at was cured using the 
transistorized generator and the coaxial applicator. A 
ferrite isolator was used to protect the generator from 
severe mismatches, therefore, 16 W were available to the 
load. With state-of-the-art transistors the isolator may not 
be required since, as indicated in section 1, many of them 
can take an infinite VSWR. A two stub tuner was also used to 
obtain maximum transfer of power to the epoxy. Curing times 


were as follows: 


Room temperature: 2 to 2.5 h. 
With 16 W of microwave power and +he coaxial 


applicator: 45 s. 


This method of curing is very efficient since the power can 
be concentrated in the adhesive. 1+ is also a very fast one 
as the results show. A blob of epoxy on an aluminum sheet 
was also cured with this method. Curing time was 60 ¢ and 


adhesion of the epoxy to the aluminum was very good. Chips 


116 


(Ga) 


FIGURE Al.1 Epoxy patch cured with a 16 W transistorized microwave 


generator and a coaxial applicator. 


of epoxy could only be broken out with a chisel and hammer. 


Transistorized microwave power generators for use in 
microwave ovens or other high power applications, are not 
likely to be cost competitive for many years. Yoru 
applications requiring less than 100 W and features like 
small size and safety of operation, transistorized microwave 


power generators offer the best solution. 


nites Design of _a_ Transistorized ISM Microwave Power 


Source 


The basic specifications were: 


P (CW) = 10 to 20 W 


be eddie Pay Soo ais) tylle b/s 


In view of the power transistors available at this 
frequency, there are three arrangements which can meet the 
specifications. Figure A1.2 shows a block diagram of these 


three schemes. 


In (a), the output power is supplied directly by a 
single transistor connected as an oscillator. Although its 


SAmDLAC tty 92s an attractive feature, the has two 
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FIGURE Al.2 Three schemes that can meet the power source 


specifications. 


disadvantages which make it undesirable for the intended 
application. The first is that a transistor operated as an 
oscillator is 10 to 15 % less» efficient than the same 
transistor operated as a class C amplifier (80). The second 


is the strong load dependence of the oscillator frequency. 


Scheme (b) can be regarded as a compromise between (a) 
and (c). The overall efficiency can be higher than that for 
the oscillator alone and the amplifier stage provides 
adequate isolation between the oscillator and the load. 
There is, however, one problem with this scheme. Due to the 
variation of the input impedance with input power in a class 
C amplifier and, because of the dependence of the oscillator 
frequency on this impedance, it is normally difficult for 
the oscillator to start. Nevertheless, this can be overcome 
by proper selection of the frequency characteristic of the 
oscillator output impedance and the amplifier input 


impedance. 


Scheme (c) is the most elaborate. It comprises ‘*three 
transistors and the corresponding circuitry. Isolation of 
the oscillator is excellent and there is no starting 
problem. However, the overall efficiency is lower than that 


of the other two because of the inclusion of the class A 


amplifier stage. 
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In view of +he above discussion scheme (b) was 


selected. 


4.1 Class C Amplifier Design 


The transistor selected for this stage was an MSC 1020, 


whose principal characteristics are (80): 


Vcc = 28 V 
P max (CW) = 20 W @ 1 GHz, Case Temp., 25°C 
Power Gain = 7.8 dB @ 1 GHz, Case Temp., pore 


Co Lisa hy = e510) hs 


The design of a class C amplifier basically amounts to 
the design of an input and an output network. At each end 
the purpose of the network is to match the impedance of the 


transistor to that selected for the amplifier, in this case, 


SONGS 


The main difficulty in the design of these networks 
arises from the very low values of the input and output 
impedance of microwave power transistors. Typical values, 
for saturated output power, are (1 + j4)Q and (5 + J2)0 
respectively. Fortunately the design is somewhat simplified, 


in this case, because of the narrow bandwidth requirements. 
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A common base configuration was chosen because of its 
anherent Ly mehigher eestabitiny, weqain and efficiency at 


frequencies close to or higher than eA Tc 


Figure A1.3 shows the final circuit of the amplifier. 
The 0.3{1 resistor reduces the conduction angle to the point 
where maximum efficiency is obtained and its value was 


determined experimentally. 


The amplifier was built using microstrip techniques 
because of their superiority over other methods and because 


they offer good reproducibility (82). 


The characteristic impedance cf a microstrip line can 
be calculated from graphs (83) or by the more accurate 


expression (84), 


Zz. Sete 
7 TG wi [1+ 1.735€ aes ees 


where, h : spacing between the strip line and the ground 


plane. 


W : width of the strip line. 


- relative dielectric constant of the substrate. 
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€, of microstrip substrate =2.6 


FIGURE Al.3 Amplifier schematic circuit. 


B35 atotales aivtanddie oe % 


ee . > 


Yheabs ai temmcdye tell that Se Rel tL alt 


123 


The wavelength in the microstrip line is given by, 


eh Nowe 
Mn= SE, 


where, ) = free space wavelength. 


The amplifier was mounted directly on an extruded 
aluminum heatsink to reduce the operating temperature of the 
transistor (85) and the measured characteristics of the 


amplifier were: 


P max(CW) = 18 W 


Power gain = 7.2 dB 


Efficiency = 47 % 


a2 Medium Power Oscillator Design 


With a measured gain of 7.2 dB, 3 W were required to 
drive the amplifier to full output. The MSC 80069 was 
selected as a suitable transistor for this purpose. [Its 


principal characteristics are: 


VGGra=rzer V 


P (Osc.) (CW) = 3 to 4 W @ 1 GHz, Case Temp. 25°C. 
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The design of transistorized microwave oscillators 
consists in the determination of a network that matches the 
output impedance of the transistor to that chosen for the 
oscillator ( 50N in this case ), a bias network and a 


feedback network. 


The design of the matching network follows the same 
techniques used in the amplifier, ise.} microstrip 
transmission line sections and subminiature trimming 


Capacitors. 


The biasing network is such that before oscillations 
start the transistor is biased in class A. As oscillations 
build up the bias conditions shift to class C to obtain high 


efficiency in the steady state. 


The common base configuration was chosen for the same 
reasons given before. In this configuration the feedback 
path is normally provided by the emitter-collector 
capacitance of the transistor. Figure A1.4 shows the final 


circuit of the oscillator. 


The oscillator was mounted on an extruded aluminum 


heatsink and the measured characteristics were: 
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Vec 
RF FILTER 


€, of microstrip substrate =2.6 


FIGURE Al.4 Oscillator schematic circuit. 
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Pe (CW) a eh 


Eff. aiep %3 


Freq. Range < 915 + 25 MHz 


The circuits shown in Figures A1.3 and A1.4 are the 
circuits arrived at after considerable experimentation to 
solve the starting problem. The measured characteristics of 


the complete unit were: 


tl 
= 
(oe) 
= 


P (CW) 
Efficiency =e40"% 

Frequency Range = 915 + 22 MHz 

Frequency drift from cold to operating temperature < 3 


MHZ. 


Harmonics are 20 dB or more below fundamental. 
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The upper part of the circuit in Figure A2.1 comprises 
a noninverting amplifier and a positive peak detector. The 
amplifier not only amplifies the signal from the detector 
diode, which in this case is negative, but also adds to it a 
fixed positive voltage. The detector diode should be 
Operated in its square law region and zero output means zero 
reflected power, therefore, after the amplifier this 


condition appears as a positive voltage maximum. 


The peak detector is a circuit whose output tracks the 
input signal until the input reaches a maximum value and 
then automatically holds that peak value. Therefore, in a 
given period of time, the last change in the output voltage 
of the peak detector corresponds to the largest input 


voltage peak as shown in Figure A2.2. 


This voltage from the peak detector is differentiated. 
Therefore, the output from the differentiator becomes zero 


everytime the input to the peak detector has a maximun. 
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NEG. PULSES TO 
MEMORY AND D/A 
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FIGURE A2.1 Peak Detector schematic circuit. 
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FIGURE A2.2 Output voltage from a positive peak detector. 
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Pulses are obtained for this condition by a Schmitt- 
Trigger circuit. A few other stages are used to. properly 
condition these pulses to conform to the requirements of the 


Hemony and iD/A circulery. 


Resetting the peak detector at the begining of the 
sweeping mode requires the following steps: opening of the 
input to the peak detector, discharging the holding 
Capacitor (.1luf) and eliminating a pulse that accompanies 
the resetting process. Once the reset pulse from the Memory 
and D/A has been received, the resetting process is 


controlled by the 4047 Monostables and the 4071 Gate. 


The first two steps mentioned above are executed by 
properly biasing the 2N5460 FET and the 2N3904 ‘transistor 
respectively. The elimination of they initial pulse is 
achieved by temporarilly inhibiting the output to the Memory 


and D/A. 


In short, the circuit in Figure A2.1 generates negative 
pulses, during the sweeping mode, everytime the output of 
the detector diode goes through a maximum ( Minimum 
reflected power ). The last pulse generated corresponds to 


the largest maximum. 
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Referring to Figure A2.3, the clock is a free running 
multivibrator. The 4020 Counter and the 4072 Dual OR Gate 
determine the length of the sweep mode and the hold mode, in 


this case, 100 ms and 5 s respectively. 


The 4000 Dual NOR Gate controls the storing of the 
State of the D/A in the memory everytime a pulse is received 
from the Peak Detector during the sweep mode and, the 
reading from the memory at the begining of the hold mode. 
The 4029 is a Presettable UP/DOWN Counter provided with jam 
inputs. The two upper ones and the two lower ones are 


connected to obtain two 8 bit counters respectively. 


The upper counter counts pulses from the clock and its 
binary output is fed to the 4016 Analog Gate. The output of 
these gates are added with the appropriate weighting factor 
in a 741 Operational Amplifier. The output to the modulation 
input of the VTM power supply is a discontinuous voltage 
ramp of 10 V maximum and steps of 39 mV. When the modulation 
gain in the VIM power supply is adjusted so that a change 
fron 0 to 10 V causes the VTM to change 100 MHz, each 


frequency step amounts to 390 kHz. 


The output from the upper counter is also connected to 
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FIGURE A2.3 Memory and D/A schematic 
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the jam input of the lower counter which acts as a memory. 
The output from the memory is connected to the jam input of 


*he upper counter. 


During the sweep mode the upper counter counts pulses 
from  thegclockfandwtwithwathegarest™ of@ether D/AAP circuitry 
generates the modulating ramp. Everytime there is a pulse 
from the Peak Detector the binary output of this counter ( 
state of the ramp ) is jammed into the memory. At the end of 
the sweep mode the last binary number stored ( corresponding 
to the frequency of minimum reflected power ) is jammed into 
the upper counter, thereby setting the ramp to the voltage 
level that determines the frequency of minimum reflected 


power. 


During the hold mode the upper counter is prevented 
from counting pulses from the clock. At the end of this mode 


the entire process is repeated. 
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CRETE _ FREQUENCY MODULATOR 
Referring to Figure A3.1, two of the NOR gates in the 
4001 Ouad NOR Gate are connected together to form a free 


running multivibrator . 


The two flip-flops in the 4027 Dual J-K Flip-Flop are 
clocked by the multivibrator and are connected in such a way 
as to generate pulses of a length equal to the period of the 
multivibrator signal. These pulses appear sequentially at 
DOINtTS A, Eo andeC and arejeaddedmein ja /41e) Operational 
Amplifier with amplitudes set independently by the 


corresponding potentiometers. 


The last operational amplifier is used as an inverter 
to obtain pulses of positive polarity. The maximum amvlitude 


of these pulses was set at 10 V. 


The circuit can easily be expanded to generate any 
humber of sequential pulses ae with independently 


adjustable amplitudes. 
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OUT TO VTM 
MODULATION INPUT 


FIGURE A3.1 Discrete Frequency Modulator schematic circuit. 


EHS) 


APPENDIX IV 


Givene target sdimensionsi)A;B, De for Wa “cavity, this 
program will vary two dimensions ( PB and D) over a_e given 


range and in steps of a specified size. 


For each set of dimensions, the modes with resonant 
frequency within the specified bandwidth around the central 
frequency are calculated and stored. For cubical cavities 
each set of L, M and N which is a solution, is taken as one 
mode and the sixfold degeneracy due to symmetry is not 


considered. 


The program then orders the sets of dimensions from the 
one that yielded the highest number of modes to the one with 
the lowest number of modes. The form and number of the 


solutions are printed as specified. 


The input data given by the user is the following: 


1.- Central frequency, F: Up to 9999.9 MHz. 
2.- Bandwidth above and below F, DF: Up to 99.9 MHz. 
3.- Target dimensions, A,B,D: Up to 99.9 cm. 


4.- Dimension range above and below B and 0D, DB and DD: 


"i 


tinet @ Set.’ Watae areterseth topsee sew kf 


7 oe - (> fie 64) smal acide ois on Ey ba ate 
ee | a 


ihe teihiwrsh v2 agate ws hi 
ut 
i ~—wret & > 


- 
a 

¢ 42i0 abuse WE? senbivewntts @ tes dpee i t 5 

aod - p ‘ate es 

of mwa ie 22 tented * {?i>pearse ad? tide iw {> 7 

| | . ae 

jo)>- LoD Piers. tn® ’..0aTe*s).A0e he*sineges, #36 (seeg : 
+h Ged at oekewbee, s BE ankite @ bub & 44-26 B08, Cea 

re OL 9 REYES OF ate | woRTegeTAS bietere. 9e2 


2° 


soi) oepbvaeal’ te aroe pad ebb wets abxecina edb! 
Tre ht, of sO be * itn f *aenpid ads hohloly ocd om 
ike tee ares ast’ ODOR 20 xedauye a: | de 
tot araban ae sooneaa "ere. I boul 

: - a _ 7 


‘ a = v 
siyebvo dish» ‘nae 36, Pye ie yi mah baa 


ae es ueey: ut, ir 
! 
ate eee fn * 9 


TH. 


Upton 9 29 "cn: 

5.- Step size, STEP: Up to 99.9 cn. 

6.- A number somewhat larger than the largest expected 
Lise OCeeN an 21 Det Ondo. 

7.- Number of solutions wanted, NMAX: Up to 99. 

8.- Form of output, FORM: FORM=0, only the dimensions 
and number of modes are printed. FORM=1, the 
dimensions, number of modes and the modes ( sets of L, 
M and N, and the corresponding resonant frequencies ) 


are printed. 


The data should be entered in the fcllowing format: 
XxXxx. xbxx.xbxx. xbDxx. xbxx. xbxx.xXbxx.xbDxx.xbxxbxxbx where b 


means a blank. 


The compiler used in this program is the FORTRAN IV, 
version G. After the program listing an example is given 


with the two forms of output. 
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fe PROGRAM TO OPTIMIZE THE DIMENSIONS OF CAVITY FOR 
C THE MAXIMUM NUMBER OF MODES 

REAL BN(100) ,DN(100) 

INTEGER*2 NMD (100) ,FORM,P,T, BIG 

READ 200,F,DF,A,8,D,DB,DD,STEP,J, NMAX, FORM 
é CALCULATE NO. OF DIMENSION INCREMENTS 

NB=2* (DB/STEP) +1.5 

ND=2* (DD/STEP) +1.5 


Cc ESTABLISH LOWER LIMIT OF DIMENSIONS 

BL=B-DB 

DL=D-DD 

I=0 
c INCREMENT DIMENSIONS B AND D. A,BS(2),DS(2) ARE THE 
c FIRST SET OF DIMENSIONS 


DO 151 KB=1,NB 
B=(KB-1) *STEP4BL 
DO 151 KD=1,ND 
D=(KD-1) *STEP+4DL 
I=I+1 

BN (1) =B 

DN (I) =D 

MD=0 

DO 150 LC=1,J 

DO 150 MC=1,J 

DO 150--NGE=1,7 


L=LC-1 
M=MC-1 
N=NC-1 
C CHECK IF CAVITY IS CUBICAL 
IF (A-B) 90,60,90 
60 IF (B-D) 90,70,90 
€ REMOVE REPEATED SETS FOR CUBICAL CAVITY 
70 IF (N-M) 150,80,80 
80 IF (M-L) 150,90,90 
Cc ELIMINATE POSSIBILITY OF DOUBLE ZEROS 
90 IF (L)91,91,92 
91 LF (M*N) 150,150,100 
92 IF (M+N) 150,150,100 
C FIND A SOLUTION 


100 FREOQ=15000*SORT( (L/A) **2+ (M/BN (I) ) **2+ (N/DN(T)) **2) 
IF (ABS(F-FREQ-DF) 110,110,150 

110 MD=MD+1 

150 CONTINUE 
NMD(I) = MD 

151 CONTINUE 


Cc ARRANGE NOS. OF MODES IN ASCENDING ORDER 
NMD (1) =MD 
K=1 


160 BIG=0 
DO 170 MD=1,K 
IF (BIG-NMD(MD)) 165,165,170 
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165 


w70 


180 


171 


181 
182 
183 
184 
185 
186 
187 


191 
190 
192 
200 
300 
301 
302 
303 


BIG=NMD (MD) 
T=MD 

CONTINUE 

P=NMD (K) 

Q=BN (K) 

R=DN (K) 

NMD (K) =NMD(T) 

BN (K) =BN(T) 

DN (K) =DN(T) 

NMD (T) =P 

BN (T) =Q 

DN(T)=R 

K=K-1 

IF (K-2) 180,160, 160 

CONTINUE 

CALCULATE AND PRINT MODES IN DESCENDING ORDER 
PRINT 300 

IF (FORM. £Q.1) PRINT 301 
MAX=MINO (NMAX,I-1) 

DO 192 P=1,MAX 

K=I-P+1 

PRINT 302,A,BN (K),DN(K),NMD(K) 
IF (FORM) 192,192,171 

DOe 19.0°LC=1,0 

DO 190 MC=1,J 

DO 190 NC=1,J 

L=LC-1 

M=MC-1 

N=NC-1 

IF (A-B) 184,181,184 

IF (B-D) 184,182, 184 

IF (N-M) 190,183,183 

IF (N-L) 190,184, 184 

IF (L) 185,185,186 

IF (M*N) 190,190, 187 

IF (M+#N) 190,190, 187 
FREQ=15000*SQORT ( (L/A) **2+ (M/BN (K) ) **2+ (N/DN (K) ) **2) 
IF (ABS(F-FREQ-DF) 191,191,190 
PRINT 303,L,M,N, FREQ 


CONTINUE 
CONTINUE 

FORMAT (F6.1,7(1X,F4-1) ,2(1X,12) ¢ 1X,11) 

FORMAT ('1',3X,"DIMENSIONS (CM) NO. CF MODES') 
FORMAT (*+',40X, "MODE FREQ. (MHZ) ") 


FORMAT (*-',3(F6.2,2X) ,5X,12) 

FORMATE (Uti t a7 Xe Lote ele; Up ieyle vi laiyio pon) ome) 
STOP 

END 
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DATA 


Zo Oral. Out Os 04.9 Om3 9. Orme 0s 2) 0s Oe oem a) 


DIMENSIONS (CM) NO. OF MODES 
AMUSO TOS 0Y) — S550 14 
40.00 48.90 39.10 13 
DATA 


ZOO sili = O40 On 490.094.9500 nO. 26 0 soe 0 eel eeee eed el 


DIMENSIONS (CM) NO. OF MODES MODF FREQ. (MHZ) 
40.00 49.00 Sieh osfeue) 14 
eA aay Sy) 2461.7 
CaaS th i, 2435.2 
Cues 2463.9 
(2 2ee eo) 2451.3 
(93 05-4) 2446.9 
(e556 7N) 2444.9 
fachairs ab 2450.7 
(45.059) 2442.8 
(aon eeS} 2461.9 
(ears 3} 2435.4 
(2574 ntyee) 2447.1 
ts ie 2450.9 
(uO ype) 2456.0 


(Grae w al) 2460.6 
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